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1.  Summary

The research performed under the contract, during the period 14 January 1986
through 13 July 1986, can be divided into two main topics; using 2-D line source calcula-
tions to model 3-D point source effects , and the effects of ocean continent transition

zones on L, waves.

In section II, we present a scheme for generating synthetic point source seismo-
grams for shear dislocation sources using line source (2-D) theory. It is based on expand-
ing the complete three dimensional solution of the wave equation expressed in cylindrical
coordinates in an asymptotic form which provides for the separation of motions into SH
and P-SV systems. We calculate the equations of motion with the aid of the Cagniard-de
Hoop technique and derive closed-form expresssions appropriate for finite-difference

source excitation.

In section III, the effects of a thinning or thickening of the crustal layer on the pro-
pagation of Lg mode sum seismograms are examined. The thinning or thickening of the
crustal layer is used as a simple model of ocean to continent or continent to ocean tran-
sitions. The transition model calculations presented in this section show that passage
through a region of thinning crustal thickness, the model for a continent to ocean transi-
tion, increases the amplitude and coda length of the Lg wave at the surface, and allows
much of the modal energy trapped in the crust, which forms the Lg phase, to escape
into the subcrustal layers as body waves or other downgoing phases. The magnitude of
both these effects increases as the length of the transition increases or the slope of the
layer boundaries decrease. The passage of the wavefront exiting the continent to ocean
transition region through the oceanic structure allows further energy to escape from the
crustal layer, and produces a decrease in Lg amplitude at the surface as the length of
the oceanic path increases. The amplitude decrease is maximum near the transition
region and decreases with distance from it. Passage through a region of thickening
crust, the model of a ocean to continent transition, causes a rapid decrease in the Ly
amplitude at the surface of the crust. The energy previously trapped in the oceanic cru-
stal layer spreads throughout the thickening crustal layer, and any amplitude which has
been traveling through the subcrustal layer but has not reached depths below the base
of the continental crust is transmitted back into the continental crust. The attenuation
of Lg at the crustal surface along a partially oceanic path occurs in the oceanic structure
and in the ocean to continent transition region. The attenuation at the surface depends
in part on the escape of energy at depth through the continent to ocean transition region

into the underlaying half-space.
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Modeling Strong Motions Produced by Earthquakes
With 2-D Numerical Codes

Donald V. Helmberger
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Abstract

We present a scheme for generating synthetic point-source seismograms for shear
dislocation sources using line source (2-D) theory. It is based on expanding the complete
three-dimensional solution of the wave equation expressed in cylindrical coordinates in

an asymptotic form which provides for the separation of the motions into SH and P-SV

systems. We evaluate the equations of motion with the aid of the Cagniard-de Hoop
technique and derive close-formed expressions appropriate for finite-difference source

excitation.

Introduction

Recent strong motion modeling efforts have been restricted to plane-layered models

at each element where the seismic field is decomposed into SH and P-SV type motions
and the vertical and horizontal dependences separated following Athe approach pioneered
by Harkrider (1964). Non-uniform fault slip may be simulated by summing weighted
point sources distributed along the fault plane to construct realistic synthetic seismo-
grams. Recent inversion studies based on matching these synthetics to observations
such as Hartzell and Heaton (1983), Archuleta (1984), and Olson and Apsel (1982) have
provided amazing detail on the complex faulting process for the Imperial Valley 1979
earthquake. Unfortunately, most geologic structures in the vicinity of earthquakes are at
least as complicated as displayed in Figure 1b. Separating propagational effects from

complex faulting becomes much more difficult in these situations.

In this paper we address the construction of synthetics along the surface for 2-D
structures such as displayed in Figure 1b. We assume that the model remains constant
into and out of the plane of the paper along with line sources through each element. We

' as displayed in Figure 1a. Point source shear dislocations, or double couples, are applied
E

design the line-source characteristics to mimic the vertical radiation pattern appropriate

for double-couples where the SH and P-SV field remain decoupled along paths to the
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receivers. Our main objective is to derive these line source excitation functions.

In a companion paper, Vidale and Helmberger (1987a) of this issue, we discuss
numerical strong ground motion calculations for a 2-D structural model through the Los

Angeles region and compare these results with observations from the San Fernando

earthquake.

Theory

The approach follows closely the usual shear dislocation theory developed for treat-
ing plane layered models, where the wave-field is separated into vertical and horizontal
functions. This separation is essential for expressing the field in terms of SH and P-SV
systems and provides the key to our approach. A particularly convenient form of the
solution is given by Helmberger and Harkrider (1977) in terms of Laplace-transformed

displacements along the vertical, tangential, and radial directions,

W=%+spfl

where z, r and 0 are the vertical, radial, polar angle coordinates, respectively. The P
wave potential (¢), the SV wave potential (£2), and the SH wave potential (x) for a

strike-slip orientation are:

(2)

ioo + ¢

—2"— Im f (-p% —';L exp ( -snq | z-h | ) Ky(spr)dp - sin26
a

[4

ico + ¢

- €pnp) _q% exp (-sng | z-h | ) K, (spr) dp 'sin26
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(4)
j 4
X = & 2 mm '°°f (L) £ exp (-sng|z-h | ) K, (spr) dp - cos26
4mp A B
where
s = Laplace transform variable
p = ray parameter
me= (132 - p??
h = depth of source
a == compressional velocity
B = shear velocity
p = density
M, = seismic moment
c is a small constant that offsets path of integration from the imaginary axis, and
+1 z>hb
where € = {_1 2<h’ and

0 = strike from the end of the faul. plane.

The geometry displaying the orientation of the fault in the cylindrical coordinate
system is given in Figure 2. Note that a strike-slip event is defined by A\ = 0° and
5 = 90°. Integrals of the type given in equations (2) through (4) can be transformed
back into the time domain by applying the Cagniard-de Hoop technique as discussed by
Helmberger and Harkrider (1977). An asymptotic solution and one useful for our pur-

pose can be obtained by expanding the modified Bessel functions

Kofspr) = 4 /%spr e P {l + 8:[5)r + ] (5)

substituting the resulting power series in potentials back into the displacements, expres-

sion (1), and expand again in powers of (1/s). The first term of such an expansion has

the following form:




5.
W= Ed? [D(t)*(w°+Wg)] sin28 (6)
V2 L [D(t)s v cos2e (7)
Q=7 & [B0)« (s + as) ] sin20 Q

where
W, = %% [—}'{ « Im %E- (-2%) (-€ na )%f— ] (9)
wp=o/2 2 [—};*Im {f(—epnﬁ)(p) 2 (10)
v=q/% = [%,;*Im —faﬂ(;)(p)%% } (11)
qa=\/?%[—1;*lm[{f(—p2]pé% ] (12)
0o VL[ (B Coman 2)] o

This is a first term asymptotic expansion similar to the expansion used for explosive
sources, see Helmberger (1968). The approximation is accurate for spr >> 1, which
means it is most accurate for high frequency, large range, and non-vertical take-off angle.
The two arrivals in the w; and g; cases are the P-wave and SV-wave. Note that the first
term becomes uncouples in that V depends only on x; and W and Q only on ¢ and Q,

so the SH solution separates from the P-SV solution in this asymptotic form.

Suppose we now consider the field variable defined by
2 1 1

= - -_— ]
romw [ N

which bas a simple interpretation following the Cagniard-de Hoop technique, where

V= (14)

3 .c.ig”
7, dt
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1/2
I . (,2_ R? |z}
R G 1s)
__ |z|t 42 R? Ve r
WETR TN TV R
and
1/2
dp _ ; - :_R?
3t iny H(t R/V)/[t Ve ,

where V can be either a or 3. Substituting these equations into (14) yields

1/2
where R = (r2+22] and the imaginary parts of p and ny has been neglected,

namely
Re(p) = sin¢/V and Re(ny) =cosy/V,

The (p) becomes the well-known ray parameter and (ny) the vertical slowness. The
extra (p?) occurring in W, becomes the vertical radiation pattern and 5, the vertical
component of the P wave. The (¢) expresses the jump in polarity across the origin, see
Figure 3a. This series of simplifications are called the first motion approximations and
have proven quite useful in modeling seismograms at teleseismic distances, see Langston

and Helmberger (1975).

A more accurate solution at local distances can be obtained by solving expressions
(9) through (13) numerically and substituting into (6), (7) and (8), which yields the first
term of the asymptotic displacement as discussed. The results for a wholespace model
are displayed in Figure 4. Higher order terms, (1/s)®, are included along with the exact
Cagniard-de Hoop solution on the bottom, see Helmberger and Harkrider (1977). Note
the slight up-turn for the 12 term solution at the end of the radial motion. The solution

rises rapidly for longer times and these asymptotics suffer the usual blow-up at large
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times characteristic of such series. Also, note that the so-called near-field terms are
missing along the top row. The near-field contributions are particularly easy to see by
noting that the first term of the tangential motion, V of expression (1), depends on the
azimuthal change of the P-wave. A schematic of the horizontal P-wave pattern is
displayed in Figure 3b indicating the compressional field peaked at § = 45°. Since the
material at a receiver, as in Figure 4, behaves elastically before the arrival of the shear
wave it relaxes by moving counter-clockwise for angles less than 45°. Similar drifts
occurs for the other two components between the P and S wave arrivals where each time
the material moves to relax from the P-wave loading. This drifting should end upon
arrival of the shear-wave which is well known from the exact solution. Unfortunately,
the asymptotics continue to drift which can cause severe problems at long periods, and
should be avoided for source durations longer than a significant fraction of (tg - t,), the

timing separation between the P and S waves.

Expressions (6) through (13) have produced the goal of separating the motions into
vertical and horizontal functions but we still must require these expressions be solutions

of the 2-D wave equation. This requires removing the Vp dependence.

One approach is to expand Vp in a power series about some fixed direction, p,;

and carry the second factor as a correction term. The first term has shown to be ade-

1
\/E= po=’2'

quate in, Vidale et al (1985) where we approximated

although we must avoid p, = 0 or r = 0. The eflective vertical radiation patterns then
become the real-part operator, Re ( ), of a product of complex p's and n’s as defined in

(15). For instance, from (9) we obtain

V'=im (L 42 ( - p?) (-en ]l = Re (ep?n, ) H(t—R/a)[ﬁ—E- v
Na dt ¢ N 02
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and after some complex algebra
_ t3 R2
Re (ep*n,) = _e_[}%[_ [ [22 -3+ 7 (2r% - 22) ] ]

Thus, the vertical displacement for a in-coming p wave from a strike-slip source becomes

2 1 1 1
w == — em— —
@ V Ra [‘/[ \p]
where (V!) solves the 2-D wave equation. Note that for times near the wave-front

t = R/a and the function

) = cos¢ sin? ge

03

Re (ep?n,

which is the result obtained earlier from the first-motion approximation. To produce
transparent source box conditions for the finite-difference requires a complete solution for
all times and (¥!) serves this role. In short, the complex near-field terms which change
their shape with time is required if we want to send out a simple sin’f pattern at larger
distances. Similar expressions can be derived from equations (10) through (13) and expli-
cit 2-D excitation functions determined by evaluating the Re ( ) operators. The grid
mechanics along with the other fundamental fault orientations are given in Vidale and

Helmberger (1987b). We will include these results here for completeness. Let

2 (Mo ) 1 y R?
o= /2 ) £ x10) e L= %7

where v = a or B expressed in km/sec, R = km, and M, in ergs. We will assume that

D(t) = &(t), (slightly smoothed as discussed in Vidale et al (1985), or that the slip func-
tion across the fault corresponds to a Heavside step function. Also, we define super-
scripts 1, 2 and 3 to refer to strike-slip, dip-slip and 45° dip-slip fundamental fault orien-
tations. With these definitions the analytic source expressions used in defining the dis-

placements in the grid become:
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(Strike=slip)
Wi=-z(2?-3 + To(2:2-2%)) ¥,
: Wi =-2(32- 2% + Ty( 22 -2%) ) ¥,

1__ T 1
Vi=gr g Y

Qs =r(r?-322+3T,2%) V¥,

Qpl = r[322—r2+Tﬂ(r2—222]) Y,

(Dip-slip)
W2 =_r(2r-62% + T, (42%- 2%} ) v,
W}=-r(622—2r2+T5(r2-5z2]) V,
2 __ 2 1
Vit ag Y
Qaz=z(6r2—222+Ta[222—4r2” v,
Q‘,2=z(222-6r2+T,( 512 - 22} ) L 7)
(45° dip-slip)
b
» W3=-z (9r*-322+T,(2*-8%)) ¥,
Wg_———z(3z2—9r2+T,(6r2-3z2)) \ 7
; Q3=r(9z2—3r2+Ta[2r2-712)] Vv,
i‘ Q,‘;’:r(3r2—922+T5(6z2—3r2|| YV,
]
r These expressions and functional form are compatible with cartesian coordinates
E with the horizontal coordinate, x, replacing r as discussed by Helmberger (1974). Thus,
'
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the above expressions can be used to define the desired line source excitation, see Vidale

. . and Helmberger (1987b) for the details of source loading. ,,
' The whole-space FD solutions for the P-SV system are displayed in Figure 5 in the
; form of divergence and curl. Note that the divergence is nonzero where there is
E compressional wave energy and the curl is nonzero for shear wave energy. The far-field 2
8 radiation patterns are the expected ones. For example, in the strike-slip case the out- N
‘ going P-wave has the classic two-lobe pattern while the SV-wave has a 4-lobed pattern. ?
h .
: The complex near-field pattern can be seen in the inner clover-leaf followed by a 12- _
y lobed pattern at the source box boundary. Note that this complex pattern changes with .‘:‘
| time but is required to produce the proper far-field behavior as discussed earlier. The :!:
; corresponding patterns for the tangential displacement fields for the strike-slip and dip- ':‘
| slip cases is given in Figure 6. These solutions are considerably simpler. Note that this ;
1 FD excitation is appropriate for a homogeneous region which was assumed for conveni- ,
: ence. However, with the help of generalized-ray theory we could load this source box in A
a layered structure if desired. N
~
: After the energy propagates across the structural model to the receiver, as shown in 'E
! Figure 1b, we extract the vertical, radial, and transverse motions from the FD code indi- \
4 cated by the symbols \TV, V, 6 for each of the fundamental orientations. Finally, the f,'
i ”
d point source synthetic seismogram is constructed at the observation point by evaluating }i
wP—_-L_d_[LtlAl&'+Az&2+A3W~3I] A
R dt t
)
! 1 d 1 o 72 3
Vp=‘—\/ﬁ3 [—t* AV +A5V]]
@ [dr(nE e n @) |

where the azimuthal radiation patterns are defined by
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A,=sin20cos)\sin6+é—cos?@sinksin?&,

Ay = cos 8 cos \ cos § - sin 8 sin X cos26 ,

A3=—;- sin A sin 2 6,
A4=cos20cosksin5——;-sin205inXsin26,

Ag=-sinfcoshcosd-cosfsinhcos2é,

where 0 is the strike from the end of the fault plane, A the rake angle and 6 the dip
angle, as shown in Figure 2. The same definitions have been used in previous source dis-

cussions, see Langston and Helmberger (1975).

Conclusion

A procedure for constructing synthetic seismograms appropriate for earthquake
sources using 2-D FD codes is discussed. It is based on breaking down the 3-D motion
field produced by shear dislocations into SH and P-SV systems which can be solved
independently applying the 2-D wave equations. Note that the line sources must be
aligned perpendicular to the structure such that no SH-SV mixing is allowed as the
motion propagates through the model. Line source SH and P-SV excitation functions
are derived using Cagniard-de Hoop theory for the three principal faults which allows an
arbitrarily orientated fault to be simulated by linear summation. Numerical tests of this
new technique against analytical codes show good agreement, for example see Figure 7

and Vidale and Helmberger (1987b).

The main disadvantage of this approach is the computational expense in running
the finite-difference routines and the banded-limited nature of the results. The latter
limitations are caused by grid size constraints which controls the highest frequency
allowed and by the asymptotic approximations at the lowest frequency. The main

advantage of this technique over other analytical methods is that it is unique in allowing
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o
the seismic investigation of complex models such as cross-sections through basins and '
ridges. The usefulness of this scheme is illustrated in Vidale and Helmberger (1987a) in F )
this issue. '

)
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0 Figure Captions
I .
a Figure 1: Schematic diagram displaying energy paths for a) flat-layered model versus '
j: b) laterally varying structure. The model is two-dimensional or constant proper- )

ties into and out of the plane of the paper.

Figure 2: Description of conventions for mechanism and orientation.

-5 Figure 3: Comparison of the three components of displacement for a wholespace !

h with a strike-slip source. The top four rows contain the asymptotic symmation /
with 1, 2, 4, and 12 terms. The full solution is displayed on the bottom. The

S source depth is 8 km and the range is 16 km. Model parameters are o = 6.2

" km/sec, B = 3.5 km/sec, and p = 2.7 g/em>.

‘ Figure 4: The upper diagram displays the vertical radiation field appropriate for a :
n strike-slip excited P-wave with a sin?¢ pattern. The lower panel displays the
azimuthal field showing the strong P-wave loading near 45°. Between the times
to and tg the material in the fourth quadrant flows away from the maximum
compression, namely clockwise for §>>45° and counter clockwise for < 45°. N

Figure 5: P-SV vertical radiation patterns. The divergence and curl fields due to

K strike-slip, dip-slip, and 45° dip-slip sources are shown after 150 timesteps. The

- plots have a grey background, where positive is shown in black and negative in

i white.

) )

Figure 6: SH vertical radiation patterns. The displacement field due to strike-slip,
and dip-slip sources are shown after 125 and 250 timesteps. The plots for the y

W earthquakes have a grey background, where positive displacements are shown in 2
black and negative in white.

hn Figure 7. Comparison of FD and GRT seismograms for the ranges 32, 48, and 64 km h
for the strike-slip, dip-slip, and 45° dip-slip mechanisms. The far-field source !

g time functions, D(t), is specified by a trapezoidal shape with equal 6t;’s of 0.2 sec. ;
The parameters for the layers are given in Table 1 with a source depth of 8 km. 4
Amplitudes may be scaled to moment. v
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q) low frequency

surface waves .
{ high frequency

body waves
\_/

vy
b) 7 -/

Figure 1: Schematic diagram displaying energy paths for a) flat-layered model versus
b) laterally varying structure. The model is two-dimensional or constant proper-
ties into and out of the plane of the paper.
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Figure 2: Description of conventions for mechanism and orientation.
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Azimutha! Field (P)
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N

Figure 3: The upper diagram displays the vertical radiation field appropriate for a ;_:
strike-slip excited P-wave with a sin’$ pattern. The lower panel displays the Y
azimuthal field showing the strong P-wave loading near 45°. Between the times ~

to and ty the material in the fourth quadrant flows away from the maximum
compression, namely clockwise for 8> 45° and counter clockwise for 6 < 45°.
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Figure 4: Comparison of the three components of displacement for a wholespace
with a strike-slip source. The top four rows contain the asymptotic symmation
with 1, 2, 4, and 12 terms. The full solution is displayed on the bottom. The
source depth is 8 km and the range is 16 km. Model parameters are a = 6.2
km/sec, 8 = 3.5 km/sec, and p = 2.7 g/emS.
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Figure 5 P-SV vertical radiation patterns. The divergence and curl fields due to
strike-slip, dip-slip, and 45° cip-slip sources are shown after 150 timesteps. The

plots have a grey background, where positive 1s shown in black and negative in
white.
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' Figure 6: SH vertical radiation patterns. The displacement fields due to strike-slip
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Vertical Displacement ss Radia!l Displacement

r.km

32

GR=28

48

64

DS

r.km

32

48

64

DD
r,km

32 = "5

48

64

—
5 sec

Figure 7: Comparison of FD and GRT seismograms for the ranges 32, 48, and 64 km

A,

for the strike-slip, dip-slip, and 45° dip-slip mechanisms. The far-field source
time function, D(t), is specified by a trapezoidal shape with equal 8t;’s of 0.2 sec.
The model used is layer over a halfspace; the layer is 32 km thick with P- and
S-wave velocities of 6.5 and 3.5 km/sec and a density of 2.7 g/cc. The halfspace
bas P- and S-wave velocties of 8.2 and 4.5 km/sec, and a density of 3.4 g/cc.
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Abstract

The methods for Representation Theorem (RT) coupling of finite element (FE)
or finite difference calculations and Harkrider’s (Harkrider 1964, 1970) propagator
matrix method calculations to produce a hybrid method for propagation of SH mode
sum seismograms across paths that contain regions of non plane-layered structure are
explained and developed. The coupling methods explained in detail use a 2-D Carte-
sian FE formulation.. Analogous methods for the 3-D method follow directly. Exten-

sive tests illustrating the validity and accuracy of the implementation of these cou-

pling methods are discussed. These hybrid techniques are developed to study the

propagation of surface waves across regional transition zones or other heterogeneities
that exist in part of a longer, mostly plane-layered, path. The effects of a thinning or
thickening of the crustal layer on the propagation of L‘ .mode sum seismograms have
been examined in this study. The thinning or thickening of the crustal layer is used
as a simple model of ocean continent traasitions. The L‘ phase is of particular
interest since it is used in several important applications such as mapping the extent
of continental crust, magnitude determination, and discrimination between explosive
and earthquake sources. The understanding of the observations that L‘ wave Is
attenuated completely when the propagation path includes an oceanic portion of
length greater than one hundred to two hundred kilometers or a region of complex
crustal structure is not complete, and a clear explanation of these phenomena could
have important consequences for all these types of studies. The transition model cal-
culations done in this study show that passage through a region of thinping crustal
thickness, the model for a continent to ocean transition, increases the amplitude and

coda length of the L‘ wave at the surface, and allows much of the modal energy
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trapped in the crust, which forms the L‘ phase, to escape into the subcrustal layers
as body waves or other downgoing phases. The magnitude of both these effects
increases as the length of the transition increases or the slope of the layer boundaries
decrease. The passage of the wavefront exiting the continent to ocean tramsition
region through the oceanic structure allows further energy to escape from the crustal
layer, and produces a decrease in Ly amplitude at the surface as the length of the oce-
anic path increases. The amplitude decrease is maximum near the traasition region
and decreases with distance from it. Passage through a region of thickening crust,
the model of a ocean to continent transition, causes a rapid decrease in the L‘ ampli-
tude at the surface of the crust. The energy p.reviously trapped in the oceanic crustal
layer spreads throughout the thickenink crustal layer, and any amplitude which has
been traveling through the subcrustal layer but has not reached depths below the
base of the continental crust is transmitted back into the continental crust. The
attenuation of L‘ st the crustal surface slong a partially oceanic path occurs in the
oceanic structure and in the ocean to continent transition region. The attenuation
at the surface depends in part on the escape of energy at depth through the continent
to ocean transition region into the underlaying half-space. The total attenuation of
Lg due to propagation through a forward traasition followed by a reverse tranmsition
is at most a factor of four to six. This is inadequate to explain the observed attenua-
tion of Lg. Thus, additional effects, other than geometry must be considered to pro-

vide 8 complete explanation of the attenuation of Lg.
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Chapter 2
Application of Modal Propagator Matrix to Finite Element Coupling

to Investigation of L; Propagation across Ocean Continent Boundaries

Introduction

In this chapter the effects of a thinning or thickening of the crustal layer on the |
propagation of Ly mode sum seismograms will be examined. The thinning or thicken-
ing of the crustal layer is used as a simple model of ocean to continent or continent to
ocean transitions. The L, phase is of particular interest since it is used in several
important applications such as mapping the extent of continental crust, magnitude
determination, and discrimination between explosive and earthquake sources. The
understanding of the observations that L, wave is nttenuyted completely when the
propagation path includes an oceanic portion of length greater than one hundred to
two hundred kilometers or a region of complex crustal structure is not complete, and a
clear explanation of this phenomenon could have important consequences for all these

types of studies.

The transition model calculations presented in this chapter show that passage
through a region of thinning crustal thickness, the model for a continent to ocean
transition, increases the amplitude and coda length of the L wave at the surface, and
allows much of the modal energy trapped in the crust, which forms the L, phase, to
escape into the subcrustal layers as body waves or other downgoing phases. The mag-
nitude of both these effects increases as the length of the transition increases or the
slope of the layer boundaries decrease. The passage of the wavefront exiting the con-

tinent to ocean transition region through the oceanic structure allows further energy

to escape from the crustal layer, and produces a decrease in L, amplitude at the
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[

) surface as the length of the oceanic path increases. The amplitude decrease is max-
imum near the transition region and decreases with distance from it. Passage through
K a region of thickening crust, the model of a ocean to continent transition, causes a .
i rapid decrease in the Ly amplitude at the surface of the crust. The energy previously

trapped in the oceanic crustal layer spreads throughout the thickening crustal layer,

3 and any amplitude which has been traveling through the subcrustal layer but has not
5 reached depths below the base of the continental crust is transmitted back into the
continental crust. The attenuation of L, at the crustal surface along a partially oce- ‘
apnic path occurs in the oceanic structure and in the ocean to continent transition
‘;: region. The attenuation at the surface depends in part on the escape of energy at ’
' depth through the continent to ocean transition region into the underlaying half-space. |
. Designing FE Grids and Sampling FE Solutions :
A study of the effects of the length of simple transition regions on the attenua-
tion of SH type L; mode sum seismograms passing through them has yielded some R
: interesting results. Two classes of transition models were considered. An example of ‘
A each class is illustrated in Figure 1. Calculations were performed for four individual _
models from each class, for a continental crustal layer over a mantle half-space, and 2
for an ocean layer and an oceanic crustal layer over a mantle half-space. The -
, difference between individual transition models was the length of the transition region, X
g or the horizontal distance between points B and D shown in Figure 1. As discussed 3
. earlier, real ocean to continent type transitions occur over lengths of order one hun- ~
dred kilometers. However, an upper limit on the length of the transition of one hun- ~
; dred kilometers was imposed by limiting FE computation time per model to approxi- ;
3 mately one cpu day. Thus, the lengths used for this investigation were a step transi- ;
? tion (0 km), twenty five , fifty, and one hundred kilometers. In order to discuss the :
results of the FE calculations using these models one must first describe the models. :
. .
.: .
n
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Forward tronsition
- - 0
7 Water layer
(a) %o Oceonic crust o
Continental //'
crust ',/’
_--"| Mantie layer
A %m
A B - C ~ DE
fe—Transition region-
Length
Reverse transition o
Water lgyer —
Oceonic cr. R e
(b) N Continental
SN crust
Mantle N
layer ‘;\
vl 32
AB C DE

Figure 1: Explanstion of terms and illustration of the model classes used to

describe the behavior on passage through a transition region. The heavy line (—)

between the water layer and the crustal layer is the surface. The sloping portion of
this surface is the continent to ocean boundary for the forward transition model and
the ocean to continent boundary for the reverse transition model. Similarly, the slop-
ing dashed line (—-) between the crust and mantle layers is the crust to mantle bound-
.ary for the forward transition and the mantle to crust boundary for the reverse case.
The length of the transition is the distance from B to D, B is referred to as the begin-
ning of the transition , D as the end of the transition, C as the center of the transi-
tion. AisSkm fromB, Eis5 km from D.
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:

EE Also, the methods used to obtain and display the results of the calculations u;ing
: those models must be considered.

’

) Analysis of the effects of various transitions on the waveforms and amplitudes of
v Lg waves using FE techniques requires that the motions of the nodes of the FE grid be
) sampled so that the progress of the L, waves across the transition can be observed.

E Two methods of sampling are used in this study. Complete displacement time his- f
tories are recorded for selected nodes, and the displacements of all nodes in the grid
- are recorded at given time intervals. The first approach produces seismograms which
':: can be used to illustrate variations of amplitude and waveform with distance or depth,

: the second approach produces time slices and is a clear way to illustrate the propaga-

_‘ tion and distortion of wavefronts caused by_ passage through the inhomogeneous struc-

3 ture. For each model seismograms were recorded at intervals of approximately five {
_ kilometers along the surface. Groups of seismograms at the same horizontal distance. 1
‘. A, from the edge of the grid, were recorded at each of severa) different A’ s. At each ‘
f of these A’ s the surface seismogram and seismograms equally spaced in depth below ‘
V": it were recorded. Such depth sections, with a vertical spacing of 2.5 km, were recorded
;;. at distances including those corresponding to positions A through E (Figure 1) for each
- model. For each one hundred kilometer transition additional depth sections were !
E recorded midway between B and C and midway between C and D. For the fifty
._ kilometer forward transition an additional depth section with vertical spacing of 0.5
1c. km was recorded twenty five kilometers beyond the end of the transition region. This
: . section was used as input for later reverse transition calculations. For the continental
; layer over a half-space model, or the forward reference model, depth sections were
:E recorded at distances corresponding to positions A though E in each forward transition
E calculation. Thus, each depth section in a forward transition model corresponds to a i
: depth section in the forward reference model whose component seismograms have 3
“ J

%
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propagated the same distance, both as mode sum synthetics in the same plane layered
medium, and as waves in their respective FE grids. Similarly, depth sections at dis-
tances corresponding to positions A through E in each reverse transition model are
recorded in the reverse reference model calculation. For each model time slices were
recorded once or twice every twenty five seconds, that is, every two hundred ffty or

five bundred time steps.

At this point it is usefu] to digres and explain the time slices used in these stu-
dies. A time slice records the displacement at each point in the FE grid. These dis-
placements are graphically represented by centered symbols plotted at an array of
points depicting the nodes in the FE grid. The size of the symbol plotted at the node
is increased as the absolute value of the displacement increases, producing darker
areas where larger displacements are occurring. Each of the time slices is self scaled,
that is the largest value of the absolute value of amplitude in the grid sets the symbol
size to 1.5 element widths at the node where it occurs. At all other nodes the product
of two quantities, the ratio of the amplitude at that point to the maximum amplitude,
and the size of the largest symbol (1.5 element widths), is the size of the symbol plot-

ted. The symbols also have a minimum size set by the resolution of the plotter.

'Tberefore, to avoid plotting points whose amplitudes vary by orders of magnitude at

the same minimum size, a cutoff must be defined below which no symbol is plotted.
For the illustrated layer over a half-space time slices this cutoff is one percent of the
maximum amplitude. For the illustrated forward and reverse time slices the cutoff is
two percent of the maximum amplitude. Setting the cutoff this low means that the
smallest symbols cover a range of amplitudes between one or two percent and about
eight to ten percent of the maximum amplitude. The self scaling of the time slices
means that successive time slices may show the same absolute amplitude as a different

symbol size. Thus, the same region of the waveform will appear darker on a time slice
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,\;‘
Y, : : ,
’ with a given maximum amplitude than on another time slice with a larger maximum
)
amplitude. This difference must be remembered when interpreting the time slices. At
Ly . . . .
:‘ any depth within the grid the pattern of displacements seen in a time slice, as a func-
L
: tion of distance, can be understood by comparing it to a seismogram recorded at that
same depth. The oscillations in amplitude with distance at a given time are similar to
" those seen as a function of time at a given distance. Thus, the seismogram can be
"l
o considered to be a recording of the passage of successive points of the coherent
\
wavefield seen in the time slice past a fixed recorder. Conversely, the time slice can be
!.'
U
;:: viewed as showing the location in space of the energy that forms each peak in the
" seismogram, at a given instant of time.
] Now, returning to the definition of the model classes used in this study, the two
oy .
:: classes of transition models and the two classes of reference models used will be dis-
Y cussed. An example of each tranmsition model class is shown in Figure 1. The
) ‘
. difference between individual transition models within each class is the length of the
b
:.. transition region, or the horizontal distance between points B and D shown .in Figure
[}
h" 1. The first class of models are used to describe continent to ocean transition regions.
.‘ 1
) In further discussions these models will be referred to as forward models, and the tran-
»” ‘.
. sitions they represent as forward transitions. The second class of models are used to
o
P describe ocean to continent transition regions. In further discussions these models will
Td
., be referred to as reverse models and the transitions they represent as reverse transi- \
o
e tions. As the length of the tramsition region increases in either class of transition
ﬂ:J
- model, the angle that the the ocean to crust boundary or crust to ocean boundary
Ny
- makes with the horizontal (¢oc or #co in Figure 1) varies between 3° and 90° , and :
&,
y the angle the the crust to mantle boundary or the mantle to crust boundary makes .
& ‘
v with the horizontal (dyc or ¢y in Figure 1) varies from 12° to 90°. The differences in .
- slope of the boundaries and the different elastic properties of the layers they separate :
) .
W
‘\
"
K
L]
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indicate that different behavior should be expected along those two boundaries. The

first type of reference model consists of a thirty two kilometer thick layer over a half-

‘a8 -
space. This will be referred to as the continental reference model. The second type of \'
i reference model consists of two five kilometer thick layers, one water and one of the "
. same material as the layer in the continental reference model, and a half-space of the .
.'3 same material as the half-space in the continental reference model. This model will be r
1 referred to as the oceanic reference model. All of these models will be described in
> detail below. Then the design of the FE grids to represent these models will then be
’ discussed. )
k. .
- The first class of models are models of forward transitions. In each forward E
F. model the transition region is characterized by a continuous rate of thinning of the .
N .
3 crustal layer between the thirty two kilometer thick continental crust at the beginning .
: of the transition region and the five kilometer thick oceanic crust, overlain by five '-
v kilometers of water, at the end of the transition region. The crustal layer has a SH
? wave velocity, vg, of 3.5 km/s and a density of 2.7 g/cc, while the half-space has an ‘
: SH wave velocity, vy, of 4.5 km/s and a density of 3.4 g/cc. Each transition model :
- has the same boundary conditions (BC’s) applied to it. Thus, the same set of forcing A
functions are used to drive the FE calculation performed on each forward model. In ' |
each case the leftmost column of nodes of the fo. vard transition FE grid are con-
ol strained to move with the displacement time histories specified by the forcing func- .
? tions. The forcing functions are a vertical section of sixty mode sum seismograms, cal- :
b :
2 culated at depth interv.is of 0.5 km beginning at the surface, for a source at eight ‘
: kilometers depth at a distance of A==1500 km. The same mode sum forcing func- ™
4 tions are also used as input to the continental reference model. :
b -
The second class of models are models of reverse transitions. Each reverse transi- '
; tion is modeled as a smooth increase in thickness of the crustal layer between a five '
g ;
) »
: 4
R
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kilometer thick oceanic crust, overlain by five kilometers of ocean, at the beginning of :
the transition and a thirty two kilometer thick continental crust at the end of the
transition. The forcing functions for the reverse transition tests are recorded during 5
the fifty kilometer forward transition calculation. They consist of a depth section of ;
LS
bhybrid seismograms recorded twenty five kilometers past the oceanic end of the fifty
kilometer forward transition transition region, which corresponds to a distance of 1755
km from the source. The vertical spacing within the depth section is 0.5 km. The g
reverse transition forcing functions are also used as input to a reverse reference or oce-
anic model of a five kilometer thick ocean layer and a five kilometer thick oceanic
crustal layer over a mantle half-space. An additional series of calculations using the t
reverse transition models were done to investigate the effects of ocean to continent ‘
transitions on mode sum seismograms from an oceanic source. The forcing functions
3 used for these calculations were determined as a sum of the fundamental and the first E
y ten higher modes for a source 1500 km from the grid edge at a depth of eight kilome- :
N ters below the ocean surface in an oceanic structure. These oceanic mode sum seismo- .’:
. grams are also used as input for the reverse reference model. ;:
' Finite Element caiculations are computationally intensive, consuming many hours X
.: of computer time. In order to maxitnize the information yielded by a calculation using .’
‘ a particular amount of cpu time, the model grids must be carefully designed. It is ,
. important to minimize the sumber of grid points, and the time spacing, and to max- .
imize the spacing between nodes. Other considerations are also important, most not- E
; ably, the removal of reflections created by the boundaries of the grid from the portion _._
of the waveform to be studied. 1
4
. The first step in designing a grid for FE calculations i1s to determine grid size, ;j
g grid spacing, and the time step duration. These quantities are chosen so that the FE :::
‘ calculation remains stable but executes as rapidly as possible. The highest frequency N
]
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of the waveform to be rpodeled and the S velocity of the material through which it
propagates determine the smallest allowable grid spacing. At least six nodes per
wavelength are needed to avoid numerical dispersion problems. Therefore, to prop-
agate a wave with a maximum frequency of { through a medium with velocity V, the

grid spacing required is

dxSor (1)

It should be noted that in a structure containing regions of different velocities the
slowest velocity should be used to determine dx to insure stability of the calculations.
Given the minimum grid spacing dx, the maximum time step duration follows directly.
To maintain numerical stability in the code the wavefront can travel no more that

half the grid spacing per time step.

<X 2

In this case the minimum velocity, V, within a complicated model should be used to
insure stability within the whole model. In this study, we are considering Ly waves
with a predominant period of approximately one second propagating through a layer
of 3.5 km/s over a half-space of 4.5 km/s. Thus, we have chosen dx=.5 km and

dt=.05s. This will allow the inclusion of frequencies as high as 1.17 Hz.

The next step in designing the grid is determining the number of grid points that
will be needed, the dimensions of the grid, the location of the transition region within
the grid, and the duration of the input forcing functions. The dimensions of the grid
are expressed as the number of grid points in the horizontal direction, nx, and in the
depth direction, nz. The location of the transition region within the grid is defined in
terms of the distances from the leftmost grid edge to positions A, B, C, D, E, in Figure

1. The values of these parameters were chosen to satisfly two criteria. First, that a
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’

52 seismogram of duration D, seconds could be recorded at A (Figure 1) before the multi-

’

ple reflection of the input wave from the beginning of the transition, B, to the leftmost
"i;. grid boundary then back to A reaches A. Second, that a seismogram upncoataminated
"

0 by the multiple reflection with duration D, seconds could be recorded at the receiver \
l..

l'. J
- closest to the rightmost edge of the grid. This receiver is defined to be at a distance x;
N from the leftmost grid edge. For the calculations in this study x; was chosen to be ‘
1)
.' twenty five kilometers past the end of the tranmsition. These two criteria concern
- themselves only with reflections from the leftmost edge of the grid. Nonphysical
L reflections can also occur {rom the bottom and the rightmost edge of the grid. These ]
Cd

» latter reflections are removed using transparent BC’s which are explained and verified

4

) in a later section. Using the present code it is not possible to apply these BC’s to a

I

. node which is constrained to a given displacement time history. Applying such a con-

'_',' straint makes the boundary appear rigid to any wave incident upon it from the grid.

” :

Since the leftmost column of nodes must be so constrained to couple the source into

:: the FE grid, the left hand edge of the grid is considered to be reflecting. The duration

'.t: D, was chosen to be fifty five seconds because it was observed to be the coda length

\

" for a SH Ly mode sum seismogram, including the fundamental and the first five higher

y modes, at a distance of one thousand kilometers from the source. Although the input X
- {
e, seismograms finally used were calculated at 1500 km and have a coda of at least '
i

. seventy seconds, the amplitudes in the coda are reduced by an order or magnitude at

. 1
» fifty five seconds with respect to the beginning of the trace, and are rapidly decreas- 3
ing. Thus, extending the grids and the number of time steps was considered to be an

y unnecessary expenditure of computer time. For all the models used in this study the
h” values of parameters defining the size of the grid and the location of the transition

)

" region within it are given in table 1. In this table all quantities except nt and T,

are given as the number of nodes in the horizontal direction from the left edge of the

)
~
N
N

' - -
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te
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grid to the depth section or boundary indicated. For the corresponding distances in
kilometers divide the numbers by two. The quantity ot is given as a number of time

steps, and the value of Ty, iS in seconds.

TABLE 1

GRID CHARACTERISTICS FOR TRANSITION MODELS

nx | nz nt T.... | A | B|] C | D E
des [ #Qt L8
of 310 | 90 | 1921 96 | 230 | 240 [ 240 | 240 | 250
25f | 365 | 90 | 2101 105 | 240 | 250 | 275 | 300 | 310
sof | 525 | 90 | 3101 155 | 350 | 360 { 410 | 460 | 470
100f | 500 | 90 | 2441 122 | 250 | 260 | 360 | 460 | 470
Or 350 | 90 | 2561 128 | 275 | 285 | 285 | 285 | 205
25r | 400 | 90 | 2501 125 | 275 | 285 | 310 | 335 | 345
50r | 450 | 90 | 2601 130 | 275 | 285 | 335 | 385 | 395
100r | 525 | 90 | 2941 147 | 275 | 285 | 385 | 485 | 495
31f | 575 | 90 | 2701 135 | 255 | 265 | 315 | 365 | 375
31r | 575 | 90 { 2701 135 | 417 | 427 | 477 | 527 | 537
69f | 675 | 90 | 3001 150 | 265 | 275 | 325 | 375 | 385
69r | 675 | 90 | 3001 150 | 523 | 533 | 583 | 633 | 643
fref | 530 | 90 | 3201 160
rref | 525 | 90 | 3201 160

To calculate the duration of the displacement time histories used to drive the cal-
culation, Ty, the distance from the leftmost side of the grid to the beginning of the
transition region, A (see Figure 1), and the number of time steps the calculation must
run to produce the desired seismograms, T .., 8 simple series of calculations was per-
formed. The duration of the forcing functions, T,; must be long enough that a
seismogram of duration D, can be recorded at both x; and A. In a layered medium the
first arrival at a distance x will occur between the arrival times of a wave traveling
entirely in the slowest medium, T, ,,=r/Vpi, , 30d the wave traveling entirely in the
fastest medium, Ty =r/Vpne - In these expressions r = m where b is
source depth and z is receiver depth. To allow the possible arrival time of the first

significant energy to be anywhere between T, 30d Ty, T, is chosen to be D, plus
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the travel time difference AT=T,,u-Tra- Since AT will be largest for the longest dis-
tance. providing a long enough seismogram at x, will automatically provide one at A.

So T,; becomes

Vmu - vmin

Tmi=D.+Xf ——_V V.. (3)
max ' min

In this expression r has been replaced by x. This is a valid substitution for distances
X>>x,, the critical reflection distance. For the examples considered here the source to
receiver distance is larger than 1500 km, well in excess of the critical reflection dis-
tance. This would seen to imply that this substitution is valid for these calculations.
However, the coupling of the energy from the distant source into the FE grid requires
the specification of displacement time histories on a column of nodes. This is
equivalent to applying a time variable source at each of the nodes constrained by a
forcing function. The distance from these sources to the receivers within the FE grid
is less than or of the same order as x.. It can still Be show that the substitution of x
for r is valid, although, it may give an overestimate of the necessary duration, T,
To demonstrate this consider a receiver at depth z. The first significant energy at
that receiver arrives from the nearest source, that at depth h=z. Thus, substituting x
for r in the expression for T, is correct. Substituting x for r in the expression for
T Will either make no difference or decrease the value of Ty,,,. Thus the travel time
distance, AT, can be larger that the exact value but not smaller. This guarantees
that portions of the seismogram that should not be contaminated with reflections will

not be.

To determine a numerical value for T,;, the distance x; must be known. The
value of x; follows directly when the distance to the beginning of the trapsition, B. is
known. To assure a seismogram at A of duration D, which is not contaminated by

reflections from the leftmost edge of the grid it is sufficient to specify that the two
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way travel time from A to the leftmost edge of the grid be T ;. Then the unknown

value of x; cancels and A can be expressed as

—_ stminvmsx + (Tl + xf)(vmu - vmin)

A (Vmu + Vmin) (4)

where V. is the velocity in the oceanic and continental crustal layers (3.5 km/s),
Vomax 8 the velocity in the mantle layer (4.5 km/s), and T, is the length of transition
region, (0, 25, 50, 100 km), x, is the distance from the end of the transition to the last
receiver (25 km) plus the distance from A to B (5 km). Once the distance to A is
determined the distances to B, C, D, E, and x; are known. This allows T,; to be

determined from (3), and the duration of the calculation follows directly.

X¢

Tmcde = Dl + vmin (5)

These calculations are modified slightly when the output at x .is to be used as the
input to a subsequent FE calculation. The necessary duration of uncontaminated
seismogram at x; becomes the duration of the input forcing functions needed for the
second FE calculation. This is why the values of A, Tp;, and T, for the fifty
kilometer forward transition are larger than the values given by the above relations.
The seismograms from the fifty kilometer forward transition at x; are used as the forc-
ing functions for all the reverse transition calculations. When a series of more than
two FE calculations are performed, the values of the parameters above should first be
determined for the final calculation. The value of Ty for this calculation will give the
value of D, for the penultimate calculation. In this way the values of the parameters
for each FE calculation from the last to the first can be determined.

Understanding the Accuracy and Efficiency of the Transparent BC

Transparent boundary conditions (BC's) are applied at two boundaries, both the

rightmost edge and the bottom edge of each transition model FE grid. These, BC's
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are introduced to remove the nonphysical reflections created by the interaction of the EE

]

wavefronts with those two boundaries. Their introduction removes the requirement ;;
that those boundaries be far enough from the receivers that no reflections from them :EE

contaminate the desired results. However, the BC’'s do not remove all of the reflected ;\:.:"
o™~

energy, thus for detailed waveform modeling it is preferable to enlarge the grid rather ;.
than using the BC’s, if such an enlargement is feasible. In all other cases, where small :-;
N

discrepancies in waveform can be tolerated, the interference on the small reflection .:

with the incoming seismogram produces changes of less than 1% in the RMS ampli- ;
tudes. For seismograms of fifty five seconds duration, removing the reflection from ::
the right end of the grid by extending the grid would require increasing nux by almost :.:
two hundred grid points. This increases execution time by thirty to sixty percent. If D.

reflections from the bottom edge of the grid must also be removed, nz must also be .‘,;;

increased by two hundred grid points. The increase in execution time to remove both i;_:

types of reflection by extending the grid is & factor of three to five. Clearly, a more ":\1

=

eflicient way to remove the reflections is desirable. ::

. ".I

o3

L 4

hY

The transparent BC used in the calculations discussed in this study is imple-

..

mented by averaging a rigid boundary solution with a free boundary solution for the

5

N

: o

displacement at the edge nodes. If no boundary condition is applied the boundary '."_:'_-

nodes form a free surface. When a wavefront interacts with a free surface a complete “'
]

reflection of the incident wavefront occurs. If the edge nodes are constrained to have

L':
zero displacement, that is to produce a rigid boundary, the incident wavefront is com- :',::
W
pletely reflected, but a change in the sign of the amplitude is introduced. This sug- :'::'

gests that one way to remove contamination due to reflections is to add a solution

A

. v

with a rigid right edge boundary to a solution with a free right edge boundary (Smith

Y
« o
"

.

1974). Adding the corresponding seismograms from these two separate calculations s,

-~ v

however, a poor solution. Such an approach takes more computer time than simply
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extending the grid in nx, and it also removes only the primary reflections, leaving mul-
tiple reflections to contaminate the results. The situation for removing reflections due
to both bottom and edge boundaries is little better since four separate calculations are
required to remove the primary reflections in this case. A better solution, suggested
by Frazier, Alexander, and Petersen (1973), is to calculate displacements for the rigid
boundary and for the free boundary cases, for each edge node at each time step.
Those two displacements can then be sverage& to give a displacement closer to that
observed if the boundary was not present. For a normally incident plane wave this
average exactly represents the transparent boundary. However in practice the
incident wavefront is neither normally incident nor s plane wave. This means that
the actual value at the transmitting boundary is a linear combination of the rigid
boundary and free boundary solutions whose coeflicients depend upon the angle of
incidence of the energy. The boundary condition used here assumes that the average
of the two solutions will in most cases be the best approximation to the transparent
boundary that can be simply implemented. To implement the transparent BC’s about
twice as many calculations are necessary at each node on the transparent boundary.
This increases the overall execution time of a transition type run by less than two per-

cent.

The efficiency of the transparent BC’s must be demonstrated and their limita-
tions must be understood. The validity of the BC’s for L; mode sum input will be dis-
cussed later, but to more clearly illustrate their limitations it is useful to examine their
effects on a simple SH pulse traveling in a homogeneous 2-D half-space. Two different
situations are examined, first reflections from the rightmost edge of the grid are con-
sidered, then reflections from the bottom of the grid. The grids used for each of these
tests are shown in Figure 2. The heavy lines within the grid show the nodes where

hybrid seismograms are recorded. The time step used was of 0.05 seconds duration,
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Figure 2: Grid geometries for the tests of the boundary condition for a 2-D SH
pulse. Part a) shows the grid used to investigate reflections from the right end of the
grid, part b) the grid used to study reflections from the bottom of the grid. Sample
source to receiver ray paths are shown in both grids for the direct path, and for the
path reflected from the grid bottom. Sample ray paths including a reflection from the

right grid edge in a), or s free surface reflection in b) are also shown. Each ray path is
The sets of receivers are indicated by the solid lines

. labeled with its travel time.
. The dotted lines in the inset boxes show the variation of incident

within the grids.
angle as a function of receiver depth or range.
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and the grid spacing was 0.5 km. The dotted line in the inset rectangle shows the
variation of the angle between the incident SH ray and the boundary being investi-
gated along that boundary. In each grid the important SH ray paths are illustrated

for sample receivers, and labeled with their travel times.

The geometry of the grid used to examine edge reflections is illustrated in Figure
2a). The size of this grid, 80x450 nodes. Examining the illustrated travel times shows
that no contamination from bottom reflections reaches the receivers during the thirty
five second duration or the seismograms. The horizontal distance from the source to
the left edge of the FE grid is four kilometers. The horizontal distances from the
source to the depth sections where results are recorded are eight and ten kilometers.
The vertical range of receivers is between the surface and fifty kilometers depth.
Thus, angles of incidence at the right end boundary of the FE grid are between thirty

and ninety degrees.

The geometry of the grid used to study reflections from the bottom of the FE
grid is shown in Figure 2b). The dimensions of the grid are 350x110 nodes. For this
series of calculations the source used is a line source applied at a single point within
the grid. The scurce was located within the grid to allow for a large range of angles of
incidence at the bottom boundary. The time history of the force applied at the source
is triangular with a rise time of ten time steps and a total width of twenty time steps.
The small higher frequency oscillations superimposed on the decaying portion of the
pulse in both calculations is due to finiteness of the embedded source. The illustrated
travel times indicate that the reflection {rom the free surface arrives at a time well

separated from the reflection from the bottom of the grid.

Figure 3 illustrates the effect of introducing the transparent BC's at the right-

most grid edge of the grid shown in Figure 2a). Each pair of seismograms represents

one of the receivers on the depth section eight kilometers from the source. Figure 4
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:: Figure 3: Efficiency of the absorbing BC demonstrated by results from calculs
o tions in the grid illustrated in Figure 2a. The uppermost seismogram in each pair

: the hybrid solution with no BC’s applied. The lower seismogram of each pair shows

o the hybrid solution with the BC applied to the appropriate boundary as a solid trace )
b and the direct synthetic solution as a dotted line. The numbers beside each pair indi-

~ cate the angle of incidence of the arrival at the reflecting boundary.
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illustrates the effect of introducing the them at the bottom grid' edge of the grid shown
in Figure 2b). Each pair of seismograms represents one of the receivers along the
plane at thirty five kilometers depth. The uppermost trace in each pair shows the
hybrid synthetic with no BC applied. The lowermost trace of each group shows both
the analytic synthetic and the hybrid synthetic calculated using the BC. on the right-
most edge of the grid. The dotted portion of this trace shows where the analytic syn-
thetic departs from the bybrid solution. The number to the left of each pair of traces
indicates the angle of incidence, in degrees, at the rightmost edge of the grid in Figure
3 or the bottom edge of the grid in Figure 4. A second reflection, whose amplitude is
inverted with respect to the first, is seen in Figure 3 only. This is the multiple
reflection from the rightmost grid edge then from the rightmost grid edge. It illus-
trates that a boundary, such as the rightmost grid edge, with displacement time his-
tory constraints applied to it acts as a rigid boundary when considering energy
incident upon it from the FE grid. In Figure 4 the upper trace in each group shows
two pairs of almost equivalent sized peaks. The first pair of peaks are the direct
arrival and its reflection from the bottom edge boundary of the grid, the second
smaller pair of peaks shows the free surface reflection followed by its multiple

reflection from the bottom grid edge.

For normal incidence the BC is very efficient, removing 93% of the reflected
amplitude. The reflected pulse prominent when no BC is applied is very small when it

is applied. For near normal incidence, the BC continues to be efficient, reflecting at

most thirty percent of the incident amplitude {or angles of incidence as small as fifty

degrees. The BC is equally efficient for the same angle of incidence on either bound-

"
ary. The two grids used to investigate the two boundaries separately illustrate some o
difficulties that occur when using such an angularly dependent transmitting BC. Most h
geometries of interest here involve a distant source, so the angles of incidence at the ;
’
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bottom boundary are much smaller than at the rightmost edge boundary. When the

>

angle of incidence is small less than half the incident energy is removed. Thus,

although the reflecticns from the rightmost grid edge are uniformly small and produce

) on the order of a one percent change in RMS amplitude for a distant source, the

Y Y L, T YRR, T P2 B

reflections from the bottom of the grid are only slightly reduced in amplitude and con-

tribute significant unwanted components to the resulting seismograms. Conversely, a :
nearby source was chosen for the test of the BC at the rightmost edge of the grid and :-
; a source in the grid was chosen for the bottom grid boundary test. In both cases these '
choices were made to give a large range of incident angles in the calculations. E
Next the validity of the BC’s for Ly mode sum seismogram input will be dis- i
cussed. Figure 5 shows the layer over a half-space (L/HS) grid models used to verify ’
the accuracy and efficiency of the BC’s as applied to SH L; wave propagation. All FE E:
calculations discussed for the test use the forward transition forcing functions as E
input. The results of these calculations are illustrated in Figure 6 and Figure 7. Both ;::
figures show seismograms that have been band pass filtered between .01 and 1.0 Hz. -‘
The seismograms shown in Figure 6 have also been convolved with the WWSSN short :
period instrument response. Four separate calculations were performed. First, an L, ,,
N
] mode sum synthetic seismogram for the same source used to generate the forward :S
transition forcing functions was calculated for surface nodes at distances corresponding \
to R1 and R2 in Figure 5. These are the uppermost traces in each group in Figure 6. ’
Next, seismograms were generated using the hybrid method and the long grid, in Fig-
ure 5. No BC’s were applied when the seismograms were propagated through the FE l"
' portion of the path. The length of the long grid, nx==200, was chosen so that fifty
five seconds of seismogram could be recorded at R1 and R2 without contamination "
from end reflections. Sample results from this calculation are shown as the second "
seismogram in each group in Figure 6 and the uppermost seismogram in each group in .:_
Ny
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3
: Figure 5: Grid configuration for test of absorbing BC's for the case of incident L,
" mode sum waves. The solid vertical lines within the grid shown the locations of the
5 depth sections of receivers where results are recorded. The dotted vertical line indi-
cates the end of the short grid.
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Figure 7: Seismograms recorded at the surface and at depth at the distances R1
and R2 in Figure 5. The first seismogram in easch group is & hybrid synthetic deter-
mined using the long grid shown in Figure 5. The second and third are hybrid syn-
thetics determined using the short grid with and without BC's respectively. Seismo-
grams are normalized so the peak to peak amplitude of each trace appears identical.
. RMS amplitudes of each group of traces agree to within 1% before the arrival of the

reflection. The seismograms have been band pass filtered between .01 and 1.0 Hz. o
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Figm"e 7. Third, seismograms were generated using the hybrid method and the short
grid illustrated in Figure 5. The short grid is terminated at its rightmost edge by the
vertical dotted line. Along this edge the transparent BC was applied at each node at
each time step in the calculation which propagated the input seismograms through the
FE portion of the path. Seismograms resulting from this calculation are shown as the
third trace in each group in Figure 6 and as the center trace in each group in Figure 7.
Finally, the previous FE calculation was repeated without the transparent BC’s, and.
the results are illustrated as the fourth and final trace in each group in Figure 6 and

as the bottom trace in each group in Figure 7.

When the final three traces in each group in Figure 6 are compared to each other
or the three traces in each group in Figure 7 are compared to each other it becomes
clear that the transparent BC’s are removing most of the reflected energy. In the last
trace the reflection from the grid edge is clearly visible, and the multiple reflection is
also clear. Arrival times of the two large peaks marking these reflections are con-
sistent with their identification as reflections. The arrival time of the two reflections
are shown on Figure 6 as arrows below the bottom seismogram in each group. Com-
parison of the long grid and the short grid with transparent BC’s shows that most of
the reflected amplitude has been removed by the BC’s. Comparing the results show in
Figures 6 and 7 shows that the BC’s are also somewhat frequency dependent for L
mode sum seismogram type input. Very little difference is seen between the hybrid
long grid solutions and the hybrid short grid solutions with the BC’s applied when the
results in Figure 7 are examined, and the changes that are seen appear to be in the
bigher frequency component of the traces. This observation is corroborated by the
results shown in Figure 6. These results have had the WWSSN short period instru-
ment applied to them, and thus, have had their higher frequency component enhanced

and their lower frequency component attenuated. They show larger differences
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between the hybrid long grid solutions and the hybrid short grid solutions with the
BC’s applied than are visible in the results before the instrument is applied. The
increased differences are coincident with reflections obvious on the seismogram show-
ing the hybrid short grid results without BC’s. The differences are largest for the mul-
tiple reflections. Despite easily visible differences in waveform the seismograms shown
in Figure 6 have RMS amplitudes that agree to within less than two percent for all
RMS window lengths. This indicates that small changes in waveform may be expected
but the amplitudes of the seismograms should be stable and not significantly contam-
inated by reflections from the grid edges. The increased discrepancies in both
waveform and amplitude introduced by the multiple reflections will be avoided in the
transition FE grids described below. This reduces the discrepancies in RMS amplitude

to less than one percent.

Reflections from the bottom edge of the grid should also be considered. As previ-
ously discussed, the transparent BC can be very ineflicient for the case of an SH pulse
incident at the bottom of the grid. Due to the small angle between the SH ray and the
grid bottom for any source which is not in the grid or in close proximity to the grid
the BC will remove only a small portion of the reflected amplitude. Fortunately, this
behavior does not generalize to modal displacement in a layered half-space. For the
case of L, mode sums propagating in 3 layer over a half-space, the L, wave input to
the grid is constructed as a superposition of Love wave modes. These Love wave
modes can be thought of as the superposition of the constructive interference between
multiply reflected post-critical SH waves in the crust. This suggests that much of the
energy in the SH type L, waves for a layer over a half-space should be contained in
the layer, interacting predominantly with the real boundary between the layer and the
half-space, and with the free surface. The waveforms of the hybrid seismograms with

and without the transparent BC's on the grid bottom are almost identical. Amplitude
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comparisons show differences of less the 0.1%. This can be seen by examining the first
two seismograms in each group in Figure 6. The apalytic synthetics and the hybrid
results with no BC’s are in excellent agreement indicating that reflections from the
bottom boundary in the FE portion of the hybrid calculation are not significant.
Thus, it appears that, for a layer over a half-space, reflections from the grid bottom
are not important when modal displacements are being propagated. This argument
applies to the forward and reverse reference models when mode sum SH L, seismo-
grams generated for the forward or reverse reference modes respectively are used.
This argument cannot, however, be generalized to imply that little energy reaches the
bottom boundary for the transition model calculations, or for the reverse reference
model using the depth section recorded at x; in the fifty kilometer forward transition
model as forcing functions. It will be shown that in these models significant energy

escapes from the crustal layer into the mantle half-space.

The properties discussed above are also observed in the time slices from the layer
over a half-space calculation shown in Figure 8. At the upper right corner of each
time slice a number indicating the time, in seconds, since the beginning of the FE cal-
culation is shown. The arrows pointing to the surfaces of the bottom three time slices
show the location that the slowest traveling energy seen at the leftmost edge of the
wavefield of the previous time slice has moved to in the time elapsed between the two
sections. The first striking feature of the time slices are that the SH type L, waves
are, in the most part, confined within the layer. The bottom of the layer in the illus-
trated depth sections is easily visible as the bottom of the high amplitude portion of
the wavefield. This delineation is clear even though forcing functions are applied to
all illustrated rows of nodes. Thus, the time slices show that a negligible portion of the
energy interacts with the bottom of the grid. Thus, introducing transparent BC's on

the bottom of the grid where little energy reaches makes no perceptible difference in
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Figure 8: Time slices showing the propagation of an SH type L, wavefield
through a lsyer over a half-space structure. The bottom of the layer can be seen as
the lower termination of the darker regions. The dark triangular regions show the
wavefronts. The arrows above the lower three time slices show the location of the
slowest traveling energy visible at the lefthand edge of the previous time-slice at the
time of the present time slice. The time since the initiation of the FE calculation is
show at the upper right corner of each time slice.
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b, the results. The second striking feature is that the high amplitude portions of the
wavefield resemble the wavefronts for multiply reflected SH waves of a collection of

different phase velocities superimposed upon one another.

) Another feature clearly visible in these time slices is the energy reflected back )
_ - toward the source {rom the rightmost edge of the grid. The upper two time slices :

; both show the maximum amplitude portion of the waveform propagating through the \
- grid. In the first time slice the large peaks at the beginning of the waveform, seen as 1
g the darkest regions, have propsgated about halfway across the grid. In the second z
: time slice they have reached the right end of the grid. In the third time slice these

o high amplitude regions have propagated beyond the rightmost edge of the grid. Thus,

the maximum amplitude in the third time slice is smaller than that in the first two
y time slices. The same regions of wavefield in the third time slice appear darker than
in the second time slice. The reflection from the grid edge is also visible if the time
slice is carefully examined. In the fourth time slice, the maximum amplitude has again ‘

been reduced and the end of the applied wavefield is accentuated. The amplification

also makes the reflected wavefield clearly visible particularly in the portion of the grid E
’ which the incident wavefield has completely passed through. The end of the incident o
: wavefield is clearly visible in this time slice as the end of the portion of the wavefield
: showing superimposed triangular regions of high amplitude. To the left of this area ':
N an attenuated mirror image of the beginning of the incident wavefield can be seen. -
3 This is the beginning of the reflected wavefield. Examining seismograms shows that :;
sctual amplitudes of this reflection are between five and eight percent of the incident -
) amplitudes. r
. This discussion has established that the transmitting BC at the grid bottom '

boundary is not important for SH type L, mode sum seismograms traveling through 5
’ the same layered structure in which the source s located. However, the purpose of N
?
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4
this study is to examine the effects of continental oceanic boundaries on the transmis- E
sion of Ly mode sum seismograms. When the crustal layer is thinned or thickened
with distance, the modes are no longer completely trapped within the layer. Energy j.
can be converted to modes compatible with the local layer thickness and to other :
forms including forms such as body waves that can propagate into the half-space and .
away from the layer. When the wavefield reaches the second layered structure, modes é
incompatible with that new layer thickness will leak out of the layer, rapidly at first, :
then at a steadily decreasing rate. These phenomena are observed and will be dis- !
cussed and explained ia detail later as the results are presented. They imply that :,
reflections of energy escaping from the crustal layer towards the bottom boundary of
A
the grid could possible seriously contaminate transition calculation results. The grids
are designed to minimize these problems. Consider a node on one of the dotted :
boundaries shown in Figure 1. At this node energy is converted into modes consistent o
-with the local layer thickness and into forms that will propagate into the half-space. :
Thus, it can be considered as a source for a wavefield propagating into the half-space. E
Wide angle reflections, of the energy escaping from the thinning crustal layer, from the -
grid bottom require long distances, 4, to travel from this source to the grid bottom to
the receiver. In almost all cases the model grids do not extend far enough, in the x ',E
direction, beyond the transition for this to be a problem. The energy will encounter ::,
the rightmost end of the grid, either on the downgoing or the upgoing portion of its ¢~
path, rather than reaching a receiver at or near the surface as a wide angle reflection. '.
Since a wavefront whichk has a small angle of incidence with the bottom boundary has E:
a large angle of incidence with respect to the end boundary, most of the amplitude of ;
the wavefront from the conversion source incident on the rightmost end boundary, will §
be transmitted rather than reflected. Therefore, it is removed from the grid. Careful E

grid design will prevent significant contamination from wide angle bottom reflections.

[ S 28 SN SV S an ]
L e




‘c.,t,‘;'v Wi W o N W LN W WL WOV AR AT K AT XY *Bat Pad y “$vagta: 4% B% by sla" —al b Py

P A

-
'

>,

4
‘&
b

-57~

The results from the forward and reverse transition calculations will now be dis-
cussed. First the eflects of a forward trapsition on the incoming SH L,; mode sum
seismograms will be explained. Then, the further effects due to continued propagation
of this energy through a reverse transition will be considered. Next, the variation in
the effects introduced by the forward transition as a function of transition length will
be discussed. Finally, the variations in the effects observed as the wavefront passes
through the reverse transition, as a function of the length of that transition will be
explained. The consideration of the effects due to varying the length of the oceanic
path between the two transition regions will be discussed briefly. A more complete
discussion of this problem will be given in the next chapter.

Changes to L; Wavetrains on Passage through a

Forward Transition Region

The passage of a wavefield consisting of SH type Ly, mode sum energy contained
mainly in the layer above the half-space through a forward transition such as that
illustrated in Figure 1a) has several effects on that wavefield. These effects are illus-
trated in Figures 9 to 15. These figures show several important tendencies. As
expected the behavior along the continent ocean boundary shows distinct differences
when compared to the behavior at the crust mantle boundary. Along the continent
ocean boundary amplitudes are seen to increase with distance, A. No energy is prop-
agated into the ocean layer. Energy which is not reflected back from the crust ocean
boundary toward the source appears to be concentrated near this boundary and prop-
agated along it to produce an amplification of amplitude which is maximum at the
surface of the crust. Along the crust mantle boundary a similar but smaller concen-
tration effect is seen. However, this effect is dominated by the conversion and/or
escape of energy across the boundary into the mantle layer. The propagation of the

energy remaining in the crustal layer when the wavefront leaves the transition region



-58-

through the oceanic layered model shows that energy is leaking out of the bottom of
the oceanic crustal layer, particularly at the beginning of the oceanic layer near the
end of the transition region. Each of these observations will be discussed in detail

below and supporting results will be shown in the figures.

First the results of a sample calculation with a transition length of twenty kilom-
eters will be discussed. The geometry of the grid is illustrated, to scale, in Figure 9.
The upper hatched region is the ocean layer, the unbatched region the crustal layer,
and the lower hatched region is the mantle layer. The heavy vertical line at the left-
most edge of the grid represents the column of nodes constrained to move with the
input L, displacement bhistories. The heavy vertical line labeled A is the column of
nodes for which displacement time histories are recorded to use as input to the reverse
transition. The two vertical lines labeled Fcl and Fc2 show receiver sections used to
illustrate the eflect of the transition on the distribution of amplitude with depth. Dots
on Fcl, and Fc2 indicate positions of receivers for which displacement time histories
are illustrated in Figure 10. Open circles, and dots located at the surface of the crus-
tal layer, refer to nodes for which displacement histories are plotted in Figure 11. [n
both Figures 10 and 12 all seismograms are band pass filtered between 01 and 1.0 Hz,
but no instrument is applied. The numbers above and to the right of each seismo-

gram are the maximum peak to peak amplitudes of each seismogram.

Figure 10 shows seismograms recorded at the positions shown as dots 1o Figure
11. The first column of seismograms in this figure shows the changes seen with depth
at distance Fcl. The second column shows the seismograms on depth section Fc2.
The seismogram at the surface of the oceanic crustal layer in the depth section at Fc2
shows a substantial increase in amplitude over the seismogram at the same depth in
depth section Fcl. These seismograms are shown as the second row in this figure.

Not only is the peak to peak amplitude fifty percent larger but the average amplitude
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Figure 10: Seismograms recorded at receivers shown as dots on depth sections

Fcl and Fc2 in Figure 8. The first column shows the seismograms recorded at Fel,

the second the seismograms recorded at Fc2. The numbers above the right end of

each seismogram show the peak to peak amplitude. The first row of seismograms

| show receivers at the depth of the surface of the continental crust. Successive rows
show pairs of receivers at increasing depths. The second row is at the depth of the

surface of the oceanic crust, the third at the depth of the base of the oceanic crust.
All receivers illustrated are above the base of the continental crust.
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- Figure 11: Seismograms recorded at receivers along the surface of the crustal

v layer in a forward transition calculation. These seismograms are recorded at the re-

i ceivers shown as open circles and dots on the surface of the crustal layer in Figure 10.

’ The numbers to the left of each seismogram indicate the location of the node at which

-, that seismogram is recorded. The leftmost open circle is receiver 1. The numbers in-

. crease as one moves to the left slong the surface of the crustal layer. The numbers

" above the right end of each seismogram give the peak to peak amplitude of that

N seismogram.
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of the coda has increased by a factor of approximately two with respect to the max- N,

Pl bl o

imum peak to peak amplitude. Thus. the increase in RMS amplitude is considerably
la.rger: The nodes at the depth of the bottom of the oceanic crustal layer, the third
row of seismograms in this figure, show a small decrease in peak to peak amplitude b
and a relatively constant RMS amplitude across the transition. Examination of the
.':‘ nodes on Fcl and Fc2 with depths between these pairs shows that the increase in
amplitude is largest at the surface of the crust and decreases rapidly toward the base -3
of the crust. The amplitudes of the seismograms transmitted across the crust mantle
boundary, rows four and five in this figure, are decreased by passage through the
. transition region. The transmitted waveforms are similar to the incident waveforms ‘
and show an increasing reduction in transmitted peak to peak amplitude as depth

increases. Amplitude is seen at depths below the depth of the bottom of the continen-

A AD I EA

PR

tal crustal layer. These results support the statements that energy is concentrated at

and then travels along the crust ocean boundary, and that energy escapes from the

crustal waveguide when the wavefield crosses the transition. They also indicate that

CLLLAAS

some of the energy escaping from the transition region into the half-space is traveling

P AR

’

down towards the bottom boundary of the grid. This figure belps quantify the magni-

~r X
-

tudes of these eflects. The actual distortions of the wavefield will be clearer when the

time slices, Figures 12 to 14, are discussed. :

Il Ny g 4

Figure 11 shows seismograms recorded at the receivers along the surface of the

crust. These receivers are shown in Figure 9 as open circles and as the dots on crustal

O T
% 5 "y

surface on depth sections Fcl and Fc2. The numbers to the left of each seismogram

show the sequence, in space, at which the seismograms were recorded. Seismogram

one was recorded at the leftmost surface receiver shown in Figure 9. The number used

PLPAT o ula

as the label increases as one moves towards the right across Figure 9. A clear increase

in peak to peak amplitude is seen as one moves down the crust ocean boundary
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towards the oceanic portion of the model. This increase is not necessarily monotonic,
as wi]l be shown later when the properties of the transition response to an incident
wavefield as a function of transition length are discussed. Not only is the amplitude
increasing but the length of the coda with amplitudes above one third of the max-
imum peak to peak amplitude is also increasing. These seismograms are some of the
strongest evidence for the concentration of amplitude at the surface of the crust as the
wavefield passes through the transition. They also illustrate how the nature of the

waveforms change as the wavefield passes through the transition.

A series of time slices is shown in Figures 12 through 14. These time slices were
recorded during the FE calculation for the twenty five kilometer long forward transi-
tion discussed earlier. The time slices are recorded at intervals of twenty five seconds
beginning twenty five seconds after the initiation of the FE calculation. The time
elapsed since the start of the FE calculation is shown for each time slice above and at
the right end of that time slice. The dimensions of the illustrated grid are 365x90
nodes. The heavy lines outlining the grid show the bounds of the crustal layer, the
bottom edge, and both end edges of the grid. The water layer is not outlined as no
displacements take place within it. For this calculation sixty forcing functions were
used. Thus all displacement input to the grid through the leftmost grid edge is within
the crustal layer. The cutoff for minimum amplitude to be plotted on each time slice
is two percent of the maximum amplitude within that time slice. The arrow above
each time slice except the first shows the location to which the component of the
wavefield with velocity 2.8 km/s, seen at the leftmost edge of the grid in the previous

time slice, has moved in the time elapsed since the previous time slice.

Figure 12 shows the first two time slices, which illustrate the wavefield approach-
ing the transition region within the grid through the plane layered continental struc-

ture. In the first time slice the displacements which are seen entering the grid are
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equivalent to the largest peak to peak amplitudes in the seismograms. The dark,
almost vertical lines show the same displacements seen in the seismograms as the by
highest amplitude initial peaks. The light grey areas seen to the right of the dark
vertical linear areas are very low amplitude disturbances that precede the large
arrivals in the seismograms. The second time slice shows the same high frequency
arrivals after they have propagated about halfway through the plane layered portioh
of the transition grid. In this time slice more of. the wavefield can be seen. As more of

the wavefield enters the grid triangular regions of maximum amplitude become visible.

Figure 13 shows the next two time slices in the sequence which illustrate the pas-
sage of the highest amplitude portions of the wavefield through the transition region.
In the third time slice, the first shown in this figure, the dark linear vertical region at
the beginning of the wavefield has passed about halfway through the transition region.
Comparing the portion of the wavefield visible within the grid in the second time slice
with the same portion in the third time slice shows that the normalized amplitudes of
all the displacements have been reduced in the third time slice with respect to the first
two. This is evidence that the maximum amplitudes seen within the transition region
are considerably larger than the displacements in the uaperturbed layer over a balf-
space wavefield. As the high amplitude disturbance passes through the transition the
maximum amplitude along the crust ocean boundary is most strongly amplified, and
the dependence of amplitude on depth becomes more pronounced, since the amplitude
near the depth of the base of the continental crustal layer is reduced. The sections of

the wavefield present in both the third and fourth time slices are much more prom-

inent in the fourth time slice. This is because the highest amplitude region of the
wavefield, seen within the transition in the third time slice, has propagated past the :
rightmost edge of the grid. Thus, the maximum amplitude in the fourth time slice is

~ much smaller than in the third. Figure 14 shows an additional time slice. Again the

...... .- v, e,
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amplitude has been reduced with respect to the previous time slice and the portion of
the wavefield visible in both slices is amplified in the fifth time slice. The wavefield
continues to show triangular regions of maximum amplitude. The extent of each tri-
angular region, in the x direction, increases for regions of the wavefield incident on the

left end of the grid at a later time.

The triangular pattern of maximum amplitudes in the wavefields can easily be
explained. Let the SH L, energy in the crustal layer be interpreted in terms of being
the superposition of the constructive interference of post-critically refiected multiple
SH wave reflections. The critical angle, the minimum angle between the ray and the
normal to the boundary for which total internal reflection occurs, is about fifty one
degrees. Since the wavefront can be considered to be perpendicular to the ray, the
wavefronts that are visible as the triangular regions of maximum amplitudes can be
expected to show angles of incidence with the boundary of between 0° and 39°. In the

first two time slices the angles of incidence range between 0° and 25°. In the third

ol Ll

time slice the angles of incidence of the wavefronts at the layer boundary reach 35°, in

the fourth time slice they reach 38°. The superimposed triangular regions of max-

l'-ﬂ.“‘d

imum amplitude are seen to increase in average width as the left edge of the grid is

Sa%NXY

e

approached in any given time slice, that is, as portions of the wavefield incident on the

left grid edge at later times are considered. This increase in width of the triangular

o
-

maxima corresponds to an increase in phase velocity which can be translated to a

R I

increase in period and/or a larger contribution from higher modes. Thus, the higher

JRINE M A S

as
.

frequency content at the beginning of the seismogram is also clearly visible in the time

>
[ Y

slices. The later parts of the seismogram are predominantly of longer periods and con-

tain more higher mode energy.

It can be seen that some energy is leaking into the half-space even in the plane

layered region, this leakage is small and cannot be seen in the seismograms in this
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example. However, in the layer over a half-space reference model the time slices show
this leakage is largest closely following the maximum amplitude regions, seen as the
dark vertical lines in the first two time slices. The extent of the low amplitude distur-
bance produced by this leakage increases with distance propagated through the grid.
The region of the seismogram corresponding to this region of the wavefield where leak-
age is maximum is the region in which small discrepancies are seen between synthetics
and FE results for large propagation distances in the grid. The observation of ampli-
tude passing into the half-space helps explain why some small waveform changes can

be seen.

When regions of the wavefield with large amplitudes pass through the transition
region, amplitude can be seen crossing the crust mantle boundary particularly adja-
cent to the high amplitude regions within the crustal layer of the transition region.
The energy crossing the boundary produces regions of significant amplitudes that are
visible in the oceanic half-space both in the transition region and in the region of oce-
anic structure. In the region of this oceanic half-space corresponding in depth to the
continental crust two main effects on the propagating amplitudes can be seen. First,
as x increases, the highest amplitude regions in the half-space which form at the inter-
sections of the wavefronts with the crust mantle boundary in the transition region, are
propagating at some angle away from the crustal layer toward the bottom boundary
of the grid. The component of the motion towards the bottom boundary increases as
the width of the triangular regions of maxima in the incident wavefield increases.
Thus, as the angle between the wavefront and the crust mantle boundary in the con-
tinental crustal layer decreases the maximum amplitude regions crossing the crust
maatle boundary in the transition region propagate to the grid bottom while traveling
a shorter horizontal distance. The high amplitude regions in the half-space of the oce-

anic structure propagate towards the bottom boundary of the grid more rapidly for
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the energy later in the incident wavefield. Second, energy is escaping from the high

amplitude regions in the crustal layer as they propagate through the oceanic crustal

layer. This energy forms a forward bending arc in the mantle half-space, due to the

bigher velocity in that half-space, that connects to the energy which escaped from the

same portion of the wavefield when the wavefield passed through the transition to the

- -I‘_‘-.j.. ‘l’) w_n l‘-{".- ‘5‘\.': x I‘"’ -'Er",y'.".‘

bottom of the half-space. As the high amplitude regions of the wavefieldpropagate

more directly towards the grid bottom the tails forming due to leakage from the oce-
anic crustal layer become fainter and detach from the high amplitude downward trav- %
eling portions of the wavefield. ')
I
To explain the observations made of the time slices the ray diagrams shown in :.‘
: Figure 15 are useful. This figure shows two transition structure outlines identical to :
those used to accentuate the structure on the time slices. The lines within these out-
lines show three multiply reflected rays, for angles of incidence, i, at the crust mantle ‘_
interface of the continental structure of 55° 65°, and 75° respectively, and the effect '
of the forward transition region on each. The angles chosen give a good sampling of :‘
the possible post-critical range of incident angles (>51°). The arrows on the rays :':;;
show the directions of propagation. The triangular regions of high amplitude in the E_:
time slices show the wavefronts which are perpendicular to the rays shown in Figure ::N
15. .
...
The upper transition shows the ray paths when the rays encounter the crust (\

s

mantle boundary of the transition before the crust water boundary. When these rays

pass into the transition region their incident angles, i, at the crust mantle interface in

the continental structure are reduced by the angle, dc), to give their incident angles,

RIS U S
LN ) .

j=i-¢cm, at the crust mantle boundary. This angle of incidence, j, allows transmis-

T
«

sion into the mantle layer when j<51°. The angle between the transmitted ray and

the normal to the crust mantle boundary, shown in the figure as a dashed line, is ).
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-

Figure 15: Illustration of ray paths within a forward transition structure. Each
diagram shows rays with angles of incidence, i, 55° 65° and 75° at the free surface
; . and crust mantle interface in the continental portion of the model. The transition
structure within which the rays are traveling is a 25 km forward transition drawn to
scale. The upper diagram shows propagation paths for rays that encounter the crust
mantle boundary before the crust water boundary. The lower diagram shows propa-
gation paths for rays that encounter the crust ocean boundary only as they pass
. through the transition region. The arrows indicate the direction of propagation of the
, wavefront along the ray.
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The angle, j' =sin™! [sinj-\-/i], increases as the angle, j, increases and the portion of
c

the incident amplitude transmitted across the crust mantle boundary decreases. Thus,
as the angle i increases the fraction of the incident amplitude transmitted into the
half-space decreases and the resulting regions of high amplitude in the half-space
travel across the crust mantle boundary more horizontally. It follows that as the angle
of incidence of the wavefront at the crust mantle interface of the continental structure
increases the wavefield propagates more directly towards the base of the grid as it
crosses the crust mantle boundary. This explains the increase in z component of pro-
pagation in the half-space as the calculation proceeds and the incident energy is of
higher phase velocity and period. The rays reflected from the crust mantle boundary

are reflected back toward the source for angles of incidence at the crust mantle bound-

_ary less than twice ¢dcy. For reflections points immediately preceding the beginning of

the transition region rays can propagate through the transition region without
interacting with either boundary within the transition and then propagate with

unchanged angles of incidence through the oceanic crustal layer.

The lower transition shows the ray paths when the rays encounter the crust
ocean boundary before they encounter the crust mantle boundary. For reflection
points close to the end of the transition reflected rays are transmitted directly into the
oceanic crustal layer. The same angles of incidence at the crust mantle interface in
the continental structure are used as in the previous example. These angles of
incidence in the continental crustal layer yield angles of incidence j=i-¢¢o in the oce-
anic crustal layer. The illustrated paths show one way modes which are not of
appropriate frequencies to be trapped within the oceanic crustal layer enter that layer.
They produce multiply reflected rays at pre-critical angles within the oceanic crust
and demonstrate why amplitude is seen crossing the crust mantle boundary in the oce-

anic structure following the transition. They also explain why this leakage is
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maximum near the transition and decreases as the distance from the transition

O e O
Vala 2 "a%x x %

increases. If, at each successive reflection at the crust mantle interface the transmis-
sion coeflicient is T, then the amount of transmitted amplitude for the o' bounce is

(1-T)*"'TA , where A is the original amplitude, and T is less than one. Clearly, the

|

amount of escaping energy decreases with distance. Rays that pass through the tran-
sition without encountering any boundary can be directly converted to oceanic modes
and continue to bounce with the same post-critical angles of incidence at the crust
mantle interface and the free surface as they did in the contineatal structure. Rays
that reflect from the crust ocean boundary then from the crust mantle boundary have
angles of incidence of i~-¢cp~20co at the crust mantle boundary. If this angle is less
than twice ¢cp then the ray is reflected back towards the source. If the angle is larger
than this value then pre-critically reflected rays in the oceanic crustal layer, with
angles of incidence i1-2d¢cp—3dco are produced.
Changes to L; Wavetrains on Passage through a

Reverse Transition Region
The passage of a wavefield consisting of SH type Ly mode sum energy for a con-

tinental layer over a half-space model, which bas passed through a forward transition

of fifty kilometers length, through a reverse transition such as that illustrated in Fig-

ure 1b) has several effects on the wavefield. These eflects are illustrated in Figures 16
through 21. The figures show several important properties. Again, behavior along the
ocean continent boundary shows distinct differences when compared to the behavior
along the mantle crust boundary. Along the surface of the oceanic crustal layer ampli-
tudes decrease with distance, A. Along the surface of the crustal layer in the transi-
tion region amplitudes are seen to decrease with distance, A, even more rapidly than
along the oceanic crustal surface. No energy is propagated from the ocean layer into

the continental crustal layer. Energy incident from the oceanic crustal layer travels
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up the surface the ocean crust transition while the distribution with depth of ampli-
tude changes considerably. The concentrations of amplitude within the oceanic crust
distribute themselves throughout the entire continental crustal layer. Amplitude
seems to travel up the ocean crust boundary more readily than it spreads into the
lower section of the continental crust. Amplitude incident on the mantle crust bound-

ary appears to be primarily trapsmitted into the continental crustal layer. As the

wavefield exiting the transition propagates through the continental structure the dis-

tribution of amplitude with depth continues to readjust thus reducing the surface

<R ol MO XN AN Y X YK XA

—

amplitudes. Each of these observations will be discussed in detail below and support-

o

o

ing results will be shown in the figures.

- e

First, the results of a sample calculation with a transition length of twenty five

kilometers will be discussed. The geometry of the grid containing this transition

- "' [N %' [N

region is illustrated, to scale, in Figure 16. The heavy line labeled A at the left end of

o
i

.

Yy 5 1

the grid represents the column of nodes constrained to move according to the time his-

tories recorded twenty five kilometers beyond the right end of the forward transition

-

region shown in Figure 9. These time histories result from recording the wavefield
after passage through the forward transition due to SH L; mode sum seismogram forc-
ing function applied to the right end of that transition. The two vertical lines labeled
Rcl and Rc2 show receiver depth sections used to illustrate the effects of the transi-
tion on the distribution of amplitude with depth. The upper hatch region shows the
ocean layer, the lower hatched region shows the mantle layer, and the unhatched
region shows the crustal layer. Dots on Rcl and Rec2 indicate positions of receivers for

which displacement time bistories are illustrated in Figure 17. Open circles and dots

-'.l'J- P n'l.' Tetelel i

located on the surface of the crustal layer refer to a surface section of nodes for which

-

displacement time histories are illustrated in Figure 18.

WA

- - lof J ", *\ - w - -
u,'f', .. #' . ; e y o I~f~f o I‘ T _-P'-f\-(\-f‘ "o, {_‘ .\‘4' -~ -f_-\r-r\r\r_:\ AR RN \ '




|

FUTIrTITY YW

]

—I‘-ﬂff.. PR R ol Tt Tl
m. s
¥ Y
r.. ,.fu
M By
i
£ £
3 o
: :
" ‘g1 31814 Ul UMOYS a1e sWeIFoWSIas YIHYM 1OJ SIA12034 3|1 MOLYS 13LE] [BISNID (] jO
, aoejins ayy Juoje 830 uado ayg, ‘L§ 24nBiy ut pressnjjl are suresBowstas YaIYm Jog -
! 819A13031 MOYS 2O} PU® [9}] UO SIOp Y], 'S19A13231 JO sUOIIE Yrdap moys 7Y pue %
b, 19y Pojoqe| souyf [eanaa ayj, ‘suonuny Suioso) se paljdde ase uoire(nafed uoliisues s
3 PiEMIO) 2y} Ul Papiodal suieiSOWISIIs IIAYM SMOYS Yy PIaqe| U] [ed11I9A KAeay Iy,
w“ -12A¥) [eisnId> Yy uoiBa1 paydyeyun Yy pus ‘1a£%] Ijusw Yy uoiBal payney JImo|
% 9y ‘1af®] U0 Y} B1 woiFa1 payareq saddn oy, "y1dap pus 'y ‘dueisip Jo UOlOUN)
, ¢ g% suresSowstas Jo sapnyjduie pus SUIIOJIABM Y1 UO UOIIEUBI) PISMIO) B JO B8IID v
% 3Y) 218118N|[1 0 PIBN TVOIISUBIY IBIIAA WY O Y1 10} A112w098 puy) g1 andy -,
3 .
& g
m 2
3 2oy 1 oY :
3 : :
7 ;
; ’
ol a
w T ..H
- “..
, ¢
- fl
» .--
ol
iy
'!
)
. 5
_ 12 =d R
! . “- -’ 4
ge g :
h
L] v’”h
: ' . N * AP
: o— 00P%Y /1, /
" uONISUBL} OSIOAS) v 3
Y oy
: _ %
h X s _--.L
Bl s B ST AT B e EL i s o A




AT T U W T TN TN TR A N T KRN,

(%
b))

Rc1t Rc2
00 1090
1590 724
-"\,l:ﬁ}., l . F' af’”"““ﬁ
737 711
l J L ‘ v o -\)
"‘i&ﬂi‘w Hﬂ?f‘*\w
835 653 .

||: "" UC, ]
N At ST

10s
|

Figure 17. Seismograms recorded at receivers shown as dots on depth sections
® Recl and Rc2 in Figure 16. The first columa shows the seismograms recorded at Recl,
. the second the seismograms recorded at Rc2. The numbers above the right end of
g each seismogram show the peak to peak amplitude. The first row of seismograms
i show receivers at the depth of the surface of the continental crust. Successive rows
show pairs of receivers at increasing depths. The second row is at the depth of the
surface of the oceanic crust, the third at the depth of the base of the oceanic crust.
E All receivers illustrated are above the base of the continental crust.
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Figure 17 shows seismograms recorded at positions shown as dots in Figure 16.
All seismograms are band pass filtered between .01 and 1.0 Hz. No instrument is
applied. The first column of seismograms in this figure shows the changes to
waveform and amplitude as a function of depth at distance Rcl. The second column
shows the seismograms illustrating the same type of variations on depth section Rc2.
The numbers above and to the right of each seismogram show the maximum peak to
peak amplitude of each seismogram. The surface seismogram on section Rc2, the first
seismogram in the second column, shows a 25% decrease in peak to peak amplitude
when compared to the surface seismogram in column Fcl of Figure 10. Thus, even
without considering attenuation, transmission of Ly type waveﬁ from continental to
oceanic to continental structures can reduce the surface amplitudes by twenty five per-
cent. At the depth of the surface of the oceanic crustal layer, the second row in this
figure, propagation through the transition reduces the peak to peak amplitude by
more than a factor of two. At depths between the surface of the continental crust and
the depth of the surface of the oceanic crust the decay of amplitude with depth
decreases with deptk. The amplitude concentrated in the oceanic rrust also spreads
into the continental crustal layer below the oceanic crustal layer. The last two pairs
of seismograms in this figure are recorded at depth below the bottom of the oceanic
crust and above the bottom of the continental crust. Propagation across the transi-
tion at these depths produces an increase of about twenty percent in peak to peak

amplitude. An increase in the amplitudes of the coda with respect to the maximum

amplitude is also observed, giving an increase in RMS amplitude of about thirty five

D
. percent. Clearly, most or all of the amplitude incident on the mantle crust boundary
%
N is transmitted into the continental crustal layer, and the increase in amplitude is d: ¢

» I

> to energy previously concentrated in the oceanic crust spreading throughout the con-

' tinental crust within the transition region. These results support the statements that
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energy incident from the oceanic crustal iayer travels up the surface of the ocean crust
transition, and that the concentrations of amplitude within the oceanic crust distri-
bute themselves throughout the continental crustal layer on passage through the
reverse transition and the first kilometers of the continental structure. It is also clear
that amplitudes incident on the mantle crust boundary are largely transmitted across
it into the crustal layer. The actual distortions of the wavefield will be cleared when

the time slices, Figures 19 through 21, are discussed.

Figure 18 shows seismograms recorded a.iong the surface of the crust, shown in
Figure 16 as open circles and as dots on the crustal surface at distances Rcl and Rc2.
The numbers to the left of each seismogram show the sequence, in space, in which the
seismograms were recorded. Seismogram 1 was recorded at the leftmost surface
receiver, the leftmost open circle on the oceanic crustal surface in Figure 16. The
number used as a label increases as one moves to the right across Figure 16. Peak to
peak amplitudes are shown as the numbers above and to the right of each seismogram.

A clear decrease in peak to peak amplitudes is seen as one moves along the surface of

LN AN ST Y YX

the oceanic crustal layer approaching the transition region. The amount of this reduc-

24

tion in amplitude is becoming smaller per unit distance as the wavefront travels

through the oceanic portion of the model. Not only are the peak to peak amplitudes

N A

being reduced, but the portion of the coda with amplitudes comparable to the max-

imum amplitude is being reduced in length. Thus, the RMS amplitude decreases fas-
ter than the peak to peak amplitude. As the wavefront enters the transition region

the decay of amplitude as a function of the distance, 4, is accelerated. Although the

tal layer of the oceanic structure, examining Figure 16 shows that the distance

decrements in amplitude appear to be smaller in the transition region than in the crus-
between the receivers in the transition region is one eighth of the distance between

those on the surface of the oceanic layer. Thus, the decay per unit distance in the




N g

A T B N (U 0N 0 ST N a0 g e A S
. ; W) S RO St T fatatn s a WAL TN e o X,

I ‘f°° 1130
by J",v,‘:‘:h-p
4 [ 11-———%%
1510 1120
LRCIVY . o b
5 12 )
1410 '
AH l 1020
6 "
13""""‘?#%“%*“”
1340
1030
7 h ! .
%h i 14 ‘-——“QLMVW
10s
ff

Figure 18: Seismograms recorded at receivers along the surface of the crustal
layer in a reverse transition calculation. These seismograms are recorded at the
receivers shown 8s open circles and dots on the surface of the crustal layer in Figure
16. The numbers to the left of each seismogram indicate the location of the node at
which that seismogram is recorded. The leftmost open circle is receiver 1. The
numbers increase as one moves to the left along the surface of the crustal layer. The
oumbers above the right end of each seismogram give the peak to peak amplitude of
that seismogram.
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transition is a factor of two to eight larger than in the oceanic structure. The ampli-
tude decay within the transition is monotonic. The rate of decay is not necessarily
constant showing some tendency to become smaller towards the end of the transition.
A slight peak to peak amplitude increase is seen as the wave travels through the first
kilometers of the continental structure. However, the RMS amplitude continues to

decrease slowly until the wavefield readjusts to the new structure.

It should be noted that the continuation of the forward transition calculation by
coupling results recorded during that calculation into the reverse transition grid calcu-
lation does introduce some uncertainties in the results. First, sixty of ninety nodes at
the leftmost edge of the reverse transition grid have forcing functions applied to them.
This vertical truncation of the incoming wavefield will have some effect. Also, any
reflections included in the seismograms recorded to use as forcing functions will be
added to the forward propagating wavefield in the reverse calculation. These effects
tend to increase the amplitudes at the s;lrface of the oceanic layer near the left end of
the grid. In this region results are available at the same physical locations in both for-
ward and reverse transition grids. An example of a seismogram recorded at the same
physical position but at different nodes in the two transition grids the first seismogram
in Figure 18 and the eleventh seismogram in Figure 9 can be compared. The latter
portion of the seismogram shown in Figure 9 is contaminated with reflections and
should be ignored. Comparing the first twenty seconds of these two seismograms
shows that the amplitude is increased when the coupling procedure is used. Examin-
ing other common results shows that the discrepancy seen in this example is much
larger than average, but agrees in sign with other points. Thus, the uncertainties
introduced by the coupling process appear to increase the amplitudes in the second
grid by about three percent. Therefore, they.could possibly lead to a slight underesti-

mate of the magnitude of the attenuation effect, but should not lead to an

e e et e e T L B N T AT N, T e T N A AT AT A L AL A T NV AT AT AT AT T T T e e Y
KaXalaXanlalXalaSaNodallokoalar Ealalalal sfal u KN [dn Moo 00 W W X M Al e of!

S

T ATy C00. callal O Sl Vool ASab il sall bl Soll Ol Sk gk el S b

1

>
~
)
*u

A . \q'_.



-

OV W

S,

= g - u q Y e " . ¥ - C
P ITR T Y G Y E R IVEN T Y AT RS AL et o 48y %e 0%, 15 A9 I TR P

-81-

overestimate. Propagation through a fifty kilometer forward transition followed by
120 km of oceanic structure followed by a fifty kilometer reverse transition reduces the

amplitudes at the surface by at least twenty five percent.

A series of time slices is shown in Figures 19 through 21. These time slices were
recorded during the FE calculation for the fifty kilometer long reverse transition dis-
cussed earlier. The time slices are recorded at intervals of 12.5 seconds beginning 37.5
seconds after the initiation of the FE calculation. The time elapsed since the start of
the FE calculation is shown for each time slice above and at the rightmost end of that
time slice. The dimensions of the illustrated grid are 450x90 nodes. The heavy lines
outlining the grid show the bounds of the crustal layer, and the horizontal and vertical
extent of the grid. The water layer is not outlined. No displacements take place
within it. Again, sixty forcing functions, this time recorded in the fifty kilometer for-
ward transition calculation, are applied to the left end of the grid. Thus input forcing
functions extend to three times the depth of the bottom of the crustal layer, or to six
crustal layer thicknesses below the water surface. The cutofi for minimum amplitude
to be plotted on each time slice is two percent of the maximum amplitude in that time
slice. The arrow above each time slice except the first shows the location to which the
component of the wavefield traveling at 3.5 km/s seen at the leftmost edge of the grid

for the previous time slice has moved in the time elapsed since the previous time slice.

Figure 19 shows the first two time slices, which illustrate the wavefield traveling
through the oceanic layer over a half-space structure. In the first time slice the lead-
ing edge of the wavefield has propagated about halfway through the oceanic structure,
in the second the leading edge of the wavefield is about to enter the reverse transition.
The high amplitude concentrations in the oceanic crust travel slower than the lower
amplitude disturbances in the half-space. Triangular regions of maxima can be seen

but they are not nearly so clear as in the case of the wavefield seen in the forward
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transition. Some of the regions of displacement within the half-space are larger in the
second time slice than in the first. This growth is due mainly to a reduction in the
maximum amplitude. Some of the clear shape changes in these areas are due to pro- ;

pagation effects. .

Figure 20 shows the next two time slices in the sequence. Figure 21 shows the
two time slices following those shown in Figure 20. The time slices in Figure 20 illus-
trate the passage of the highest amplitude portions of the wavefield through the tran-
sition region. The time slices in Figure 21 show the propagation of the highest ampli- y

tude portions of the wavefield through the continental structure at the end of the grid,

and the propagation of later portions of the wavefield through the transition region.
- In the third time slice, the uppermdst in Figure 20, the maximum amplitude has been ¢
; slightly reduced with respect to the second time slice, but the differences in the
wavefield due to this amplitude reduction is small. In the fourth time slice, however,
the maximum amplitude has been significantly reduced. Thus, the remainder of the
wavefield has been amplified. This reduction of maximum amplitude illustrates that !
the regions of maximum amplitude passing through the transition region are spreading
to include all depths in the continental crustal layer and are thus being reduced in

amplitude at any particular node. This decrease in maximum amplitude in the fourth

’ time slice accounts for many of the enlargements of the disturbances seen in the oce- h
f anic half-space when the third and fourth time sections are compared. The fifth time y
:_ slice, the uppermost in Figure 21, has maximum amplitude somewhat smaller than the :‘
; fourth time slice. The differences do not produce significant changes in the lower ‘

) amplitude portions of the wavefield. However, the sixth time slice shows a substan-
tially amplified wavefield since the initial maximum amplitude disturbances have prop- 3

agated out of the grid. The triangular regions of maxima are beginning to appear in '

the continental structure. Addition propagation in x in the continental structure may ]
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be needed to stabilize the wavefield in the region of the grid with continental structure

Examining these time slices verifies that very different kinds of effects occur along
the ocean crust boundary and along the mantle crust boundary. It also shows that
due to propagation into the half-space at an angle to the crust mantle boundary in
the forward transition some energy in the reverse transition calculation is propagating
out of the bottom of the grid. These different effects will be discussed separately

below.

Regions of significant amplitude incident on the mantle crust boundary are
transmitted across it. In the third and fourth time slices the reflection from this
boundary are too small to be seen. The pattern of the displacements seen in the oce-
anic half-space is significantly distorted by transmission across the mantle crust
boundary. The uppermost portion of a disturbance crosses the boundary first and
begins to move more slowly. The remainder of the disturbance, still in the mantle
layer continues to move with the mantles faster velocity. As the disturbance moves
through the length of the transition, an increasing section of it moves into the crustal
layer. This results in a slope being superimposed on the portion of the disturbance
which has propagated back into the crustal layer. This slope is dependent of the
length of the transition, |, the velocity in the crustal layer, v., and the velocity in the

mantle slope clearly visible in both the third and the fourth time slices ahead of the

l (VM-vc)

- ] In this case the angle is about fifty two
M

layer, vy, Slope = tan™! [

degrees. This region of the wavefield with largest amplitudes. This pattern is also seen
in the fifth and sixth time slices shown in Figure 21. In these time slices the ampli-
tude incident from the oceanic crustal layer dominates that transmitted from the oce-

anic mantle layer.
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The effect of the reverse transition region on the energy previously traveling in

the oceanic crustal layer is very different. A concentration of amplitude leaving the

oceanic crustal layer propagates along the ocean crust boundary. While it propagate;.a

along this boundary the lower edge of the amplitude concentration is no longer con-
strained as trapped modes by the lower edge of the oceanic crustal layer. Conse-
quently, amplitude can migrate downwards within the crustal layer of the transition
and in the crustal layer of the continental structure following the transition region.
The small concentrations in amplitude traveling along the ocean continent boundary
in the third time slice show little change in form. The amount of amplitude escaping
from them is smaller that the low amplitude cutoff imposed on the plot. In the fourth
time slice the maximum amplitude regions have propagated to the center of the transi-
tion region and spread throughout the depth range above the depth of the bottom of

the oceanic crust. Some evidence is visible that some amplitude has been translated to

o

depths below the oceanic crust. In the fifth time slice, shown in Figure 21, The max-

48"

imum amplitude regions have propagated to the rightmost end of the grid. In this

by

“

time slice it is clear that the amplitude previously confined to the oceanic crustal layer

c_a

has distributed itself throughout the entire depth range of the continental crust.

Some transmission of amplitudes, spreading down from concentrations of amplitude

R gy

originally trapped in the oceanic crustal layer, across the the crust mantle interface is

also seen. The amplitudes are still much larger near the surface, and decay rapidly

with depth.

The disturbances seen in the half-space of the oceanic region of the reverse tran-
sition grid contain significant energy but the amplified surface amplitudes make them
appear small. Comparing the first two time slices shows that for a subset of these dis-
turbances the component of motion in the z direction in the half-space is increasing for

successive groups or disturbances. This tendency continues in the later sections.
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These packets of amplitude propagate rapidly enough in z that some will pass across
the bottom boundary of the grid before they reach the reverse tranmsition region. The
‘amount of energy that passes out of the grid in this way as the wavefield travels
between the two transition regions is related to the angles of incidence of the wave-
fronts at the crust ocean and crust mantle boundaries in the forward transition region.
For the case of a single reflection within the transition region the angle of incidence for
a wavefront which first encounters the crust mantle boundary is i~¢cy, for a wave-
front which first encounters the crust ocean boundary it is i-¢co, where the angles
mentioned are illustrated in Figures 1 and 16. When discussing the time slices for the
forward transition these waves were also visible and were seen to travel at angles
dependent on the phase velocity of the incoming waves. Adding the results seen in
these time slices to those observed in the forward transition time slices to help inter-
pret the problem shows that the direction is also a function of the length of the traasi-
tion, and the amount of escaping energy is clearly dependent on the length of the
intervening oceanic structure. Results supporting the existence of these effects will be
discussed in detail and explained later.
The Dependence of Changes to L; Wavetrains Passing through a

Forward Transition Region on Transition Length

The forward transition tests using a variety of transition lengths illustrate several
properties that change with the length the transition model or the slopes of the crust
ocean and the crust mantle boundaries. At depths corresponding to the crust water
boundary the amplitude of the reflected component of the seismograms traveling back
into the continental crustal layer, that is back toward the source, decreases as the
length of the transition increases. A similar reflected component is observed at depths
corresponding to the crust to mantle boundary. The reflected amplitudes are much

smaller with respect to the incident amplitudes for depths coincident with the crust
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mantle boundary than at depths coincident with the crust ocean boundary. The
difference in the magnitudes of the effects in these two depth ranges will be explained
by the difference in velocity contrast across the two boundaries in the transition region
and the difference in the angles ¢cy and ¢co shown in Figure 1. Although no energy
in transmitted into the water layer, not all energy impinging on the water layer is
reflected back toward the source. Instead some of the energy is concentrated by the
transition into the oceanic crustal layer. The amount of concentrated energy,
increases as the length of the transition increases. Quantification of a similar concen-
trating effect associated with the crust mantle boundary is difficult because this effect
is dominated by transmission of energy across that boundary. The amplitudes in the
mantle layer within the transition region are maximum immediately below the crust
mantle boundary, and decay nearly exponentially with depth below that boundary.
The amplitude of the transmitted seismograms recorded at nodes below the oceanic
crustal layer, at the end of the forward transition, decrease as the length of the transi-
tion increases. Despite this observation the time slices show that the amount of
amplitude transmitted across the boundary increases as the length of the transition
increases. The amplitudes of seismograms recorded at nodes along the surface of the
crustal layer show a general increase as one passes through the tranmsition. However,
this increase does not appear to be monotonic. The variation in surface amplitude
within the transition zone has similar pattern for all lengths of transitions, but the
width of the oscillations are proportional to the width of the transition region. Each

of these effects will be discussed and explained below.

The effects discussed above will be explained with the aid of Figures 15 and 22.
Figure 22 illustrates two forward transition structure outlines for a one hundred

kilometer transition region, at the same scale as the twenty five kilometer forward

transition outlines used in Figure 15. The lines within each of these four outlines
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Figure 22: lllustration of ray paths within a forward transition structure. Each
diagram shows rays with zngles of incidence, i, 55° 65° and 75° at the free surface
and crust mantle interface in the continental portion of the model. The transition
structure within which the rays are traveling is a 100 km forward traasition drawn to
scale. The upper diagram shows propagation paths for rays that encounter the crust
mantle boundary before the crust water boundary. The lower diagram shows propa-
gation paths for rays that encounter the crust ocean boundary before the crust mantle
boundary. The arrows indicate the direction of propagation of the wavefront along the
ray.
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show the same three multiply reflected rays. These rays are for sample angles of

incidence, i = 55% 65% and 75° at the crust mantle interface of the continental struc-
ture. The angles chosen give a good sampling of the possible range of post-critical
incident angles, > 51°. The arrows on the rays show the direction of propagation.
To avoid cluttering the ray diagrams the incident angles, i, at the crust mantle inter-
face in the continental structure, ), at the crust mantle boundary in the transition,
and j’, the angle between the transmitted ray and the normal to the boundary are
illustrated only in the first diagram in Figure 15. To explain some of the above effects
multiple reflections within the transition region will be coﬁsidered. To differentiate
the angles of incidence for the later reflections within the transition region from j, the
angle of incidence at t.he first boundary encountered in the transition region, an addi-
tion to the notation will be made. In further discussions the incident angle j, will
become j,, and the incident angle for subsequent reflections within and following the
transition will be denoted j,, where n denotes the n*® reflection of the ray after it
enters the transition regibn. Similarly, the transmitted rays for the n*® reflection of a
ray after entering the transition region, will be denoted j.' . Also useful in the follow-
ing discussions is the transmission coefficient as a function of the incident angle, j,.

For the examples discussed here the displacement transmission coeflicient,

— 2cos( j )
cos( j )+1.62cos( j' )’

j=51°, and .76 for normal incidence, j=0.

varies monotonically between zero for the critical angle

Most of the properties of the wavefield that vary with the length of the forward
transition are illustrated in the FE results shown in Figures 23 and 24. The ampli-
tudes represented in these figures are RMS amplitudes calculated using a window
length of sixty seconds or less. Figure 23a illustrates the variation in the RMS ampli-

tudes with distance along the surface of the crustal layer for each forward transition

model. Figure 24 shows the variation in the RMS amplitudes with depth at distances
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corresponding to depth sections A, B, C, D, and E shown in Figure 1, and at an addi-
tional depth section ten kilometers further from the source than depth section E.
These figures will be used to demonstrate the changes in the properties of the

wavefield as it propagates through different forward transitions.

Figure 23a shows the variation of 60s RMS amplitude with distance, A, from the
source for each of the forward transition FE calculation. The results of the FE calcu-
lations for each forward transition region are represented by a line labeled with the
length of that transition region. The lines were determined by measuring RMS ampli-
tudes at grid points along the surface of the crustal layer, at intervals of five kilome-
ters, and drawing a line through the resulting points. The vertical axis shows the
RMS amplitudes. Since the relative amplitudes produced using the different forward
transition amplitudes are being compared the absolute values of the amplitudes are
not shown. These absolute values will change according to the moment of the source.
The horizontal axis shows the distance, A, from the source. The vertical lines labeled
B and D are at distances from the source corresponding to the beginnings and the
ends of the transitions respectively. The horizontal axis does not have the same scale
for all transitions. The scales are identical for all transitions within the region of con-
tinental structure to the left of the transition region and within the region of oceanic
structure to the right of the the transition region. However, within the transition
region, between B and D, the horizontal scale is different for each calculation. Ampli-
tudes recorded within each transition region are plotted with respect to an origin at B,
the beginning of the transition region. Consider that the distance between B and D
on the plot is BD centimeters. If the horizontal distance from B to the node at which
the amplitude is recorded, for a transition of length L kilometers, is x kilometers, then

the observation is plotted at a point a distance (x/L)BD centimeters to the right of B.

This method of plotting shows the changes in amplitude through the transitions of
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(a)

—r e

(b)

Figure 23: Variation of surface amplitude along the surface of each transition.
The upper sketch shows the variation in RMS amplitude (60s) along the surface of K
each forward transition model. The lower sketch shows the amplitude (50s RMS) dis-
tance relation of surface amplitudes for each reverse transition. Amplitude is recorded
as the y coordinate. The distance scale is not uniform along the whole x axis. The two
vertical lines indicate the limits of the transition region. Outside the transition region
the scale is uniform. Within the transition region distances are plotted, with respect
to an origin at the beginning of the transition region, as fractions of the transition
length. All data points lie on the indicated lines except for some scatter in the 100 km
transition results.
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various lengths within the same region of the plot. The amplitudes recorded at nodes
along the surface of the crustal layer within each transition region show a general
increase as one moves from B towards D. The size of this increase is smallest for the
step transition and increases as the length of the transition increases. Superimposed
on the general increase of amplitude is an oscillatory term. The method of scaling the
distance coordinate within the transition region makes the coincidence of maxima and
minima at approximately the same fraction of the transition length for all transitions
considered very clear. Thus, the variations of amplitude along the surface of the crus-
tal layer in the transition show similar patterns for all transition lengths, and the
widths of the fluctuations in amplitude along the surface of the crustal layer within
the transition region are approximately proportional to the width of the tranmsition
region. If no transition region is present in the grid the increases in amplitude before
reaching distance B would not be seen. These increases are due to the presence of
energy reflected from the transition back towards the source. The increase is [argest
for a step transition and decreases as the length of the transition increases. The
fluctuations in amplitude following the transition region shows that the wavefield has
not stablized in the few kilometers beyond the transition regions illustrated in this

figure.

Figure 24 shows tk+ variation of 508 RMS amplitude with depth recorded at dis-
tances corresponding to depth sections A, B, C, D, and E in Figure ls, and an addi-
tional depth section ten kilometers to the right of depth section E. Six individual
graphs are shown to illustrate the variation of amplitude with depth in the forward
transition models. Each depth section is represented by one graph . Each of these
graphs is labeled in the upper left corner with the letter that identifies the depth sec-

tion on which the illustrated amplitudes were recorded. The unlabeled .plot is for the

sixth depth section. The vertical axis of each plot shows the depth. The upper end of
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Figure 24: Variation of 558 RMS amplitude with depth on depth sections A, B, K
C, D, E, of Figure 1 for each forward transition model. An additional depth section “

10 km to the right of depth section E is also illustrated. Each plot illustrates results
for one depth section. The letter at the upper left of each plot identifies the location

of the depth section as illustrated in Figure 1. The three solid horizontal lines are, :1
from top to bottom, the surface and base of the oceanic crustal layer, and the base of R
the continental crustal layer. The dashed horizontal line shows the depth of the base :

of the crustal layer in depth section C, at the center of the transition region.
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the vertical axis corresponds to the surface of the continental crust. The uppermost .':.::
solid horizontal line corresponds to the depth of the surface of the oceanic crustal ;
layer. The central solid horizontal line is at a depth corresponding to the bottom of ::
the oceanic crustal layer. The lowermost solid horizontal line shows the depth of the :
bottom of the continental crustal layer. The dotted horizontal line shows the depth of .&
the bottom of the crustal layer in the transition region at the distancé of depth section @:-:
C. The horizontal axis shows the amplitude of the seismograms. The labels on the EN
horizontal axes show the values of amplitudes at the ends of these axes. Although the ,_
length of the horizontal axis is fixed the scale on it is determined by the points with "v
the largest and smallest amplitudes so the scales of each graph differ. The values of ":‘
amplitude at the ends of the horizontal axis are given to facilitate comparison between ;
results at different distances. Each symbol on any of these graphs represents the RMS “:

amplitude of a seismogram. Each transition length is plotted using a different symbol.
A legend defining which symbol represents each transition length is shown below the
first row of graphs. A subset of nodes on each depth section was chosen to be
included in the appropriate graph. The surface node and nodes equally spaced down

the depth section with a separation of 2.5 km were included in this subset.

The increase in amplitude for seismograms at crustal surface nodes at distances
ranging from B to D can be explained in terms of amplitude concentrated at the sur-
face of the crustal layer in the transition. Concentrated amplitude is observed as an
increase in amplitude of seismograms in the oceanic crustal layer of the transition
region, at depths between the surface and ten kilometers, with respect to the ampli-
tudes of seismograms at the same distance from the source and depth, calculated using
the forward reference model and the same input forcing functions. In Figure 23a the
magnitude of the energy concentrated at the surface of the crustal layer in the transi-

tion is seen to increase as the length of the transition increases. In Figure 24 this
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. tendency is seen to apply within the crustal layer of the tranmsition region. This

behavior can be explained using the Figures 15 and 22 and observing the differences

N between them. In a transition region of any length greater than zero the angles of 5
A incidence, j, are less than the angles of incidence, i. Decreasing this angle j will cause .
1 the reflection points at the boundaries in the tramsition region to become closer
: together. This implies that the density of rays will increase in the transition produc-
!\ ing higher amplitudes there. As the length of the transition increases the number of

bounces within the transition increases and the angle of incidence in reduced produc-
ing increases concentration of amplitude. These effects would be equally efficient at a
crust mantle boundary with the same slope if transmission of amplitude across that
boundary was not a factor. However, the amplitude concentrated at the crust mantle
boundary is partially transmitted across it. Thus the concentration of amplitude near

the crust mantle boundary is offset by the escape of energy across it.

At depths corresponding to the crust water boundary the amplitude of the com-
ponent of the seismogram reflected back into the continental layer, that is back
toward the source, decreases as the length of the transition increases. This is also true
for the amplitude of the component of the seismograms reflected back into the con-

tinental layer at depths corresponding to the depth of the crust mantle boundary.

The reflected component of the seismogram is defined to be that component which
- remains when a hybrid seismograms recorded on depth section A (Figure 1) in a for-
ward transition calculation have the hybrid seismogram at the same depth and dis-

tance from the source, recorded during the forward reference calculation, subtracted

from it. The amplitudes referred to in this discussion are the RMS amplitudes of
seismograms taken using a fifty five second window. The amplitude of the reflected
components of the seismograms is much smaller below the bottom of the oceanic crus-

tal layer than above it regardless of the length of the transition.
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: The reduction in the reflected amplitude as the length of-the transition increases

is easily explained by observing important differences between Figures 15 and 22. Two

4
3 different eflects contribute. First, as the length of the transition region increases the
:’: amount of amplitude concentrated at the crust ocean boundary and thus transmitted
into the oceanic crustal layer increases. This reduces the amount of amplitude
8 reflected back toward the source. Second, in the longer transition regions more energy
is able to escape into the hall-space acroas the crust mantle bour dary. This effect also
‘ decreases the amount of amplitude available to be reflected. The cause of the increase
in transmission across the crust mantle boundary as the length of the transition
: increases can be explained by considering the angles ¢cy, and ¢co as shown in Figure
: 1. Reducing these angles, that is increasing the length of the transition, allows more
“ reflections of a given ray within the transition region before it reaches the oceanic
crustal layer or is reflected back toward the continental structure. For each of these
reflections the angle of incidence is j, = j, - (n-1) (dcm+dPco) When this angle
E becomes negative the ray returns toward the source. Clearly, for smaller values of the
angles ¢cm, and dco more bounces can occur before the ray turns back toward the
- source or enters the oceanic structure. Each time the ray bounces the angle j, is
: smaller, so the angle j,' is smaller. Thus, the amount of amplitude transmitted across
- the transition increases, and the angle of incidence of the disturbance transmitted into
% the half-space with the grid bottom boundary increases. The transmission of addi-
; tional energy across the transition leaves less energy within the crustal layer to be
reflected back towards the source.
, The Dependence of Changes to L, Wavetrains Passing through a
Reverse Transition Region on Transition Length
< The reverse transition tests also illustrate the behavior of properties dependent
, on the length of the transition region. A longer transition is more effective at reducing
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surface amplitudes. Examination of Figure 23b shows that the surface amplitude
decay across the transition is monotonic for the shorter reverse transitions and shows
a small oscillatory component for calculations using longer reverse transition models.
The figure also shows the surface amplitude vs. distance relation along the oceanic
portion of the path is oscillatory. This oscillatory behavior is also observed for the
oceanic reference model calculation, where it is superimposed upon a slow decrease in
amplitude. The amplitude distributions with depth indicate that energy is traveling
down from the crustal surface, spreading throughout the crustal layer. Some of the
energy eventually escapes across the crust mantle boundary in the region of continen-
tal structure. The amplitudes in the crustal layer of the transition distribute them-
selves over a larger depth range in a longer transition.. Thus the amplitude originally
traveling in the oceanic crustal layer has time to distribute itself over a larger depth
range when it is traveling through a longer transition. The amount of amplitude
incident on the reverse transition from the half space is transmitted into the crustal
layer. The amplitudes below the crustal layer of the transition region do not die off as
strongly with depth as they do in the forward transition case, in fact the amplitudes
may even increase with depth below the crustal layer as seen in Figure 25. The
increase with depth below the crustal layer indicates that amplitude is traveling down
toward the grid bottom and out of the system being considered. It appears that it is
in the reverse transition and the propagation through the intermediate oceanic layer
that causes the attenuation of Ly type waves when they travel across a mixed path
containing an oceanic region.

Figure 23b shows the variation of 508 RMS amplitude with distance from the
source, A, for each of the reverse transition FE calculations. The RMS amplitudes
determined during a reverse transition calculation are depicted in this figure by a line

labeled with the length of the forward transition region model in which they are
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determined. The vertical axis shows the RMS amplitudes. Since the amplitudes pro-
duced using the different reverse transition models are dependent on the moment of
the source and the effects being investigated are the amplitude variations caused by
modifying the transition models numerical values on the amplitude axis are unneces-
sary. The horizontal axis shows the distance, A, from the source. The vertical lines
labeled B and D show the locations of the ends of the transitions. The scale on the
borizontal axis between B and D is different for each transition length and is defined
in the same manner as the scales within the forward transition region shown in Figure
23a. This method of scaling shows the changes in amplitude through the reverse tran-
sition regions of various lengths within the same region of the plot. The amplitudes
recorded at nodes along the surface of the crustal layer within each reverse transition
region show a general decrease as one moves from B towards D. The size of this
decrease is smallest for the step transition and increases as the length of the transition
increases. Superimposed on the general increase of amplitude is an oscillatory term.
The sizes of the oscillations seen in the reverse transition results are much smaller
than those seen in the forward transition results. The fluctuations appear to be
confined near the beginning of the transition region for the reverse transition case as
opposed to distributed throughout the transition for the forward transition case. The
amplitudes of the fluctuations in the reverse transition case are approximately propor-
tional to the width of the transition region. The curve for the 25km reverse transition
shows no visible fluctuations. For the 100km reverse transition the fluciuations begin
smaller than those seen in the oceanic structure and are rapidly reduced as the
wavefield passes through the transition. The oscillation in amplitude following the
transition region shows that the wavefield has not stablized in the few kilometers
beyond the transition regions illustrated in this figure. The differences between the

results for the different transition lengths immediately preceding the transition region
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suggests that some type of reflection, diffraction, or scattering from the transition
region is affecting the wavefield immediately adjacent to the start of the transition

region.

Figure 25 shows the variation of 508 RMS amplitude with depth on depth sec-
tions A, B, C, D, and E in Figure 1b, and an additional depth section ten kilometers
to the right of depth section E. Each of these depth sections is represented by one of

the six individual graphs shown in the figure. Each of these graphs is labeled in the

upper left corner with the letter that identifies the depth section on which the illus-

)
~

trated amplitudes were recorded. The unlabeled plot is for the sixth depth section.

The vertical axis of each plot shows the depth. The upper end of the vertical axis

"

corresponds to the surface of the continental crust. The horizontal lines within each
graph, from the uppermost to the lowermost, are at the depths of the surface, the sur-
face of the oceanic crustal layer. the base of the oceanic crustal liyer, the base of the
crustal layer at depth section C, and the base of the continental crustal layer respec-
tively. The labels on the horizontal axes show the values of amplitudes at the ends of
these axes. These values of amplitude are given to facilitate comparison between the
individual graphs, each of which has a different horizontal scale. The RMS amplitudes
of seismograms at the surface and equal intervals of length 2.5 km down each depth
section are shown as centered symbols on the graph for that depth section. Each
transition length is plotted using a different symbol. A legend defining which symbol

represents each transition length is shown below the first row of graphs.

The length of the intermediate oceanic path between the continent to ocean and
the ocean to continent transition is also being investigated. Calculations for two dis-

tances have been completed using single FE calculations. Calculations for an addi-

tional, longer, distance were done using multiple FE calculations to go from the edge

of the first transition model to the receiver. Due to computational limits, the lengths
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Figure 25: Varistion of 558 RMS amplitude with depth on depth sections A, B,
C, D, E, of Figure 1 for each reverse transition model. Each plot illustrates results for
one depth section. The letter at the upper left of each plot identifies the location of
the depth section as illustrated in Figure 1. The horizontal lines are at the same

depths as in Figure 24.
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of these intermediate paths are short, but definitely within the range of interest.
Lengths of 30, 70, and 120 km, have been used. For the shortest paths energy
transmitted in to the mantle layer has little time to travel towards the bottom of the
grid and thus out of the region of consideration before much of it passes back into the
crustal layer as it travels through the reverse transition. This implies that there may
be a critical length of intermediate oceanic path beyond which enough of the energy
has been propagated through the crust mantle boundary or leaked from the oceanic
structure and subsequently escaped from the region of interest that amplitudes of the
attenuated L, recorded after the reverse transition would be reduced to the invisible
level due to dilution caused by propagation through the reverse transition region. To
completely analyze this assertion models using longer path lengths of intermediate oce-
anic structure should be considered. In order to investigate longer path lengths in the
oceanic structure the RT coupling method for continuing FE calculations through a
plane layered structure using RT integration aad propagator matrix Green's functions
must be used. The accuracy of the numerical implementation of this method must be
established before such calculations can be presented. Therefore, the discussion of the
numerical implementation of this method and of the results examining the effects of
the intermediate path length in the oceanic structure will be left for the next chapter..

Conclusions

In conclusion, a summary of the important observations of the effects of regions
of thinning or thickening of the crust on SH L; type wavefields will be given. First
the effects of a forward transition on the incoming SH L; mode sum seismograms will
be summarized. Then, the further effects due to continued propagation of this energy
through a reverse transition will be stated in brief. Next, the variation in the effects
introduced by the forward transition as a function of transition length will be summed

up. Finally, the variations in the effects observed as the wavefront passes through the
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reverse transition, as a function of the length of that traasition will be summarized.
The consideration of the effects due to varying the length of the oceanic path between
the two transition regions has been mentioned, but, the detailed discussion of this

problem and its summary is reserved for the next chapter.

Now, the effects produced when a SH L; mode sum wavefield is propagated
through a 20km forward transition region will be summarized. First, amplitudes at
the surface of the crust are amplified by about fifty percent as the wavefield passes
through the transition region. These amplitude increases decrease in magnitude with
depth becoming net decreases at the bottom of the oceanic crustal layer. These
increases and their behavior with depth can be understood by noticing that as a ray
travels through a transition region the distance between successive reflection points
decreases thus amplitude concentrated at the surfaces of the crustal layer. However,
amplitude is transmitted across the crust mantle boundary and not across the crust
ocean boundary. Thus, the concentration at the crust ocean boundary is maximum at
the surface and decays with depth. The concentration effect at the crust mantle

boundary is masked by the transfer of amplitude across that boundary. The ampli-

~ tudes in the mantle layer are largest directly below the crust and decay rapidly with

depth. The amplitude transmitted across the crust mantle boundary in the transition
region propagates at some angle toward the grid bottom as x is increases. The angle
that the wavefront formed by this amplitude makes with the grid bottom boundary
increases as the width, in x, of the triangular regions of maxima incident from the con-
tinental structure increase. Thus, as the phase velocity decreases later in the record
this angle increases. The actual size of that angle is dependent on the angle the crust
mantle boundary makes with the horizontal, ¢cy, and is the complement of the

difference between the incident angle in the continental structure and the angle écy.

Amplitude crosses the crust mantle transition into the oceanic structure. This leakage
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is largest near the end of the transition region and decreases with distance away from

feta il

it.
Next, a summary of the important observations for the reverse transition will be

given. First, amplitudes at the surface of the crustal layer decrease as the wavefield

R b AL %

travels through the oceanic layer. The size of this change in amplitude decreases as
the propagation distance in the oceanic crustal layer increases. The size of the

decrease in amplitude is controlled by the amplitude of wavefronts propagating

:
i
3

through the oceanic crustal layer with pre-critical angles of incidence. At each succes-
sive reflection of such a wavefront from the crust mantle interface in the oceanic struc-

ture, the same fraction of a remaining total amplitude is transmitted across the

boundary. Thus, the total amplitu'de of this component decays most rapidly in the
first kilometers of transmission through the oceanic structure while the incident wave .
still bas higher amplitudes. As the wavefield travels through the reverse transition
region the surface amplitude reduces rapidly as the concentrations of amplitude previ-
ously trapped in the oceanic crustal layer travel up the ocean crust boundary while
spreading themselves throughout the depth extent of the crustal layer. The maxima
in these regions remain at the surface. At the end of the transition region the ampli-

tude reduces rapidly with depth down to the crust mantle interface. The amplitude

incident upon the mantle crust boundary from the oceanic half-space is transmitted

across it with a resulting distortion in the wavefield. The form of this distortion is the

1 (VM—Vc)

], onto the disturbance incident at
M

superposition of a slope, Slope == tan™! [

the mantle crust boundary after it has passed into the continental crustal layer.

Now, the properties of the calculated amplitudes in a forward transition model

which depend on the length of the forward transition model will be summarized.

First, RMS amplitudes recorded at nodes along the surfaces of the crustal layers show
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that amplitude in the transition region increases as the crustal layer thins. The size of
the increase is largest for the longest transitions. This is explained by considering that
the incident angles at the boundaries in the transitions decrease as the transition re-
gion thins, thus, increasing the density of rays and the amplitudes at the transition
boundaries. As the crustal layer thins, a similar increase in amplitude at the crust
mantle might be expected. However, the amount of amplitude concentrated at the
boundary decreases as the angle ¢c) or dco increases. The steeper angle of the crust
mantle boundary should cause s much smaller concentration at the crust half-space
boundary than that seen at the crust ocean boundary. In addition amplitude prop-
agates across the crust maantle boundary and thus any etiergy concentration at that
boundary immediately travels across it. The amount of energy transmitted across the
crust mantle boundary increases as its length increases. The increase in transmission
across the crust mantle boundary as the length of the transition region increases is ex-
plained by the increased number of reflections within a longer transition region. Since
amplitude from each ray enters the mantle half-space at each reflection, more
reflections produce more transmitted amplitude. The wavefield created by the
transmitted energy propagates through the grid towards its base more rapidly as the

phase velocity decreases. As discussed earlier, the wavefield also propagates downward

more rapidly as the length of the transition region incresses. The angle of incidence of
the transmitted ray with the horizontal is, ih——-j.; +¢cum- Clearly, for s longer transi-

tion with a smaller ¢c) the rays are more nearly normally incident at the grid bot-

:j
-
3
2
A

tom. Thus, for a gentle transition the path length in the oceanic structure that will
allow the transmitted energy to escape the system and not reenter the reverse transi-

tion is shorter than for a steeper transition region.
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